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PREFACE. 



The present volume being based upon courses of lectures 
given by me during the last few sessions to classes of 
students desirous of qualifying as electrical engineers, and 
my aim having been to treat the subject as far as possible 
on easy and non-mathematical lines, I am hopeful that the 
work will prove acceptable to the numerous students who 
are to be found attending evening and other courses of 
instruction at Polytechnics and Technical Schools. 

To those who propose taking up the serious study of 
Electrical Engineering, and intend obtaining more than a 
surface knowledge of the subject, I would strongly advise 
that a concurrent course be taken in the science of 
Electricity and Magnetism, which underlies all practical 
applications to Electrical Engineering ; and to those whose 
time for study is strictly limited, this science course may 
be found sufficient for the first year. 

I have avoided a mathematical treatment as far as 
possible, and the numerical problems have not been worked 
out to a greater degree of accuracy than is required for 
practical work. In no case is an example given requiring 
more mathematics than is taught in the first stage of that 
subject. 

It is of course impossible to describe the whole range 
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iv PREFACE. 

of apparatus to be found in everyday use, without unduly 
enlarging the book, therefore I have chosen typical well- 
tried pieces as illustrations in each case. 

I am greatly indebted to Mr W. Hibbert, F.I.C., 
A.M.I,E.E., Principal of the Electrical Engineering and 
Physics Departments at the Polytechnic, Regent Street, 
for very great assistance extending over a number of years, 
and also to my friend Mr E. C. Roche, A.I.E.E., for his 
kindness in reading the manuscript and proof sheets, and 
for several suggestions. 

T. SEWELL. 

PoLYTBCHNIC, BbGBKT STBKBT, 
XX>HDON, Wi.Juljl 190a. 
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THE ELEMENTS 
ELECTRICAL ENGINEERING. 



INTRODUCTION. 

Within a remarkably short space of time electrical engineering 
has been so largely and widely developed that it now stands in 
the very forefront of engineering industries. We find electricity 
everywhere supplanting the older forms of power, and it bids fair 
to revolutionise the older systems of traction in the near future. 
Already many railways are working, or are about to be worked, 
electrically, while many more are in course of construction on the 
same lines. 

In the transmission of power there is nothing to compare with 
the electrical method, for the electrical motor is not only a wonder- 
fully efficient machine, but is very small for the power developed, 
and its application to the driving of all kinds of machinery in our 
factories and workshops is now becoming universal. It has many 
great advantages compared with other motors. First, it is very 
compact, taking up but little floor space. Secondly, the power is 
easily conveyed to the motor, for an electric cable can be passed 
through small spaces and around obstacles where it would be 
almost impossible to get steam, hydraulic, or pneumatic pipes. 
Thirdly, when once put down, a motor requires but little attention, 
and continues to work with high efficiency at all loads for long 
periods. For these reasons the transmission of power from engine 
to machines by means of long hnes of shafting and belts is practi- 
cally doomed, while the wastefulness of a number of small steam 
li 
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Jt INTRODUCTION. 

engines in a large factory is proverbiaJ, and they are rapidly giving 
place to electric motors. 

Again, the whole of our tramway system — although we are 
lamentably behindhand as compared with some other countries — 
is now being electrically equipped with surprising rapidity, and it 
is not too much to say that before long all our large centres of 
industry will be connected by a system of electric tramways or 
light railways, which, besides affording ready and cheap facilities 
for travelling between those centres, will allow of the conveyance 
of goods during the night as well as the daytime. 

But electrical engineering does not stop here, for the same 
agent can be utilised with the greatest advantage for lighting both 
our streets and our dwellings with a light of unequalled power in 
the one case, and free from the objectionable properties of gas in 
the other, and in either case more easily managed than any other 
illuminant 

Again, electrical engineering finds various applications in 
mining, in extracting gold from the ore, in the cutting-out and the 
hauling of coal, in pumping and ventilating the mines, and in 
providing the miner with a light which can be used with safety in 
the most fiery pits. 

We ikid also certain processes in the great chemical industries 
revolutionised by the application of electricity, and every year 
adds to their number. 

Copper and-other metals are now refined almost exclusively - 
by electricity, and laige works hftve sprung up in several districts 
owing to the great advantages olfered by the electrical process. 

In the development of electrical engineering entirety new 
industries have thus been created. The products of the electric 
furnace — aluminium, calcium carbide, &c. — were considered rare 
and cosdy before the application of electricity, while now they are 
cheaply produced at Ihe rate of many thousands of tons per 
annum. 

And although the electrical is the latest developed branch of 
engineering, it is the most exact in its measurements, currents as 
small as T^nnrWinr ampere and less, up to 2,000 or 3,000 am- 
peres, being easily and accurately measured. The same remark 
applies to the measurement of electrical pressure and power. 
Whilst corresponding measurements in other branches of engi- 
neering are, to say the least, difficult, in electrical work powers 
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large enough to operate a train of some hundreds of tons weight, 
or powers so small that no ordinary mechanical device could 
measure them, are elTected without special precautions or elaborate 
device. 

The oldest branch of electrical engineering, namely, telegraphy, 
with its sister telephony, have reached now such considerable 
proportions as to demand separate and independent treatment 
and study. It is not easy to realise the extent of work now done 
and the perfection attained in its execution in this branch of 
electrical engineering, while the possibilities even in the immediate 
future are very great. 

This rapid survey of the ground covered by electrical engi- 
neering will perhaps serve to indicate the far-reaching importance 
and interest of the subject, and possibly help to kindle in the 
student something of the enthusiasm and eagerness in his work 
without which he will fail to do justice either to his calling or to 
himself. 
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OHM'S LA W. 

In hydraulic, pneumatic, or steam engineering, the indications of 
the pressure gauge are of the utmost importance to tlie engineer ; 
in fact, he is always considering and asking about the pressure, 
and does not trouble himself much about the water, air, or 
steam, for none of these would be of any use to him unless they 
exiiited under a certain head or pressure. It is simply the pres- 
sure under which they exist that gives to them their working 
power. 

In a similar way the electrical engineer is always concerned 
about the electrical pressure ; he does not talk or think so much 
about the electricity, but the electrical pressure is always in his 
mind as being of the first importance. 

The hydraulic engineer measures his pressures in pounds per 
square inch, that is to say, hia unit of pressure is tlial exerted 
by a pound weight. The electrical engineer's unit of pressure is 
called the volt (from Volta, an Italian electrician), the considera- 
tion of which we will leave for the next chapter. It is owing 
to this pressure that a current of electricity flows round a con- 
ducting circuit. No current could possibly flow unless there was 
a difference of electrical pressure in the circuit, in the same way 
that no water could possibly flow through a water conductor 
unless there existed a. difference of pressure. 

Instead of calling it the electrical pressure, we might call it 
the electricity- moving force, or the electro-motive force, or, for 
brevity, Ihe e.m.f,, which is the term most commonly applied 
to the electrical pressure; thus we speak of the e.m.f. of a 
circuit as being equal to so many volts. 

It would perhaps be as well to point out here the engineer's 
meaning of pressure. 

A D.q,t,:scbyG0C>^lc 



2 ELECTRICAL ENGINEERING. 

We may exert a pressure and still have no resultant motion ; 
as, for example, suppose a man applies a pressure (a moving 
force) at one end of a table, which would of itself be able to 
move the table along the floor, if now a boy pushes at the oppo- 
site end and in the opposite direction, it is certain that the table 
would not be moved as rapidly as before, providing the man 
pushes with the same force throughout, while if another man 
takes the place of the boy and pushes with equal force to the 
man opposite to him, the table would not be moved at all, 
although there is now a greater pressure being applied to the 
(able than in the original case. It will therefore be seen that 
the result obtained does not depend on the pressure, but on the 
differetue of pressure, and in all cases where pressure is spoken 
of it is the difference of pressure that is meant. 

Returning to the experiment with the table, we have just seen 
that before the table can be moved we must provide a table- 
moving force, but when this is provided it does not follow that 
the table will move even then — it all depends upon the resislance 
offered. We can imagine a very heavy table, with rough feet, 
standing on two rough boards, and the man applying a moving 
force to it but producing no movement ; whereas when the floor 
has been smoothly planed he may be able to move it slowly, and 
by fitting wheels or casters to the feet of the table he may be 
able to move it rapidly with the same moving force. 

We see that ihe rate of movement of the table depends partly 
upon the table-moving force applied, and also in part upon the 
resistance offered by the boards on which the table stands. It is 
directly proportional to the former and inversely proportional to 
the latter. That is to say, if we double the moving force while 
the resistance remains the same, the rate of movement of the 
table will be doubled, and if we keep the moving foree the same 
and halve the resistance, the rate of movement of the table will 
be doubled. This could be stated thus — 



Therefore the rate of movement of the table is a thing entirely 
dependent on two other things, and in trying to find its value 
we have to ask, first, what is the moving force available } and 
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OHM'S LAW. 3 

second, what is the resistance offered 7 The same applies to water 
moving in pipes, and this is perhaps a better analogy to the elec- 
trical case. We say there is a current of water flowing through 
the pipes, but this current is flowing simply because there is a 
difTerence of pressure between the two ends of the pipes, and as 
the pipes offer a certain resistance, while these two things remain 
constant, the strength of the current will remain constant also. 
If we desire to alter the rate of flow (the current), we must alter 
either the water-moving force (the head) or the resistance (the 
tap). We see now why the engineer is not concerned so much 
about the current ; he may want a certain current to flow, but he 
gets it by seeing either to the water-moving force, or to the resist- 
ances, or to both. 



If we now apply this to electricity we find the same ideas in 
the mind of the electrical engineer. If he desires a certain cur- 
rent he asks himself, "What e.m.f. (electro-motive force) have 1 
available?" and then, "What resistance must I have in the cir- 
cuit?" and he makes all alterations in the current strength by 
adjusting the one or the other, or both, to suit. If the circuit 
has a fixed resistance, then he cannot alter the current flowing 
round it except by proportionally altering the e.m.f., that is to 
say, if he wishes to have twice the current strength he must put 
twice the e.m.f. into the circuit. If the e.m.f. has a fixed value, 
then he cannot alter the current without altering the resistance of 
the circuit, thus — if he wishes to double the current strength he 
must halve the total resistance of the circuit. 

All the so-called generators of electricity, dynamos, batteries, 
&c., are simply devices for producing and maintaining an e.m.f. 
Some dynamos produce high e.m.f.'s from 3,000 to 10,000 volts 
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4 ELECTRICAL ENGINEERING. 

and even higher, while battery cells produce low e.m.f.'s from 
I to 2 volts only. 

To make the anal<^ between the water system and the 
electrical system more correct, we should suppose a closed cir- 
cuit of pipes, as shown in Fig. i, completely filled with water, 
having a rotary pump p in ihe circuit, and furnished with a tap T, 
a pressure gauge PC, and a current gauge CG. 

Suppose now we turn on tap t and start the pump working, 
the pressure gauge will indicate a difference of pressure in the 
circuit, and the current gauge will indicate a current flowing round 
the circuit. In this case we are not generating water, we are 
simply putting into motion the water that was already there, and 




this is done by creating a difference of pressure by means of the 
pump, and by providing a conducting circuit. If we stop the 
pump, the two indicators will point again to zero, but there is just 
the same amount of water there as we started with, there has 
been no consumption of water. 

In the same way we have to think of an electrical circuit (Fig, 2), 
The dynamo d is simply a device for producing a difference of 
electrical pressure, and is put into the circuit to act exactly as 
the pump does in Fig. i. If we switch on s, which is comparable 
with turning on the tap in Fig. i, and start the dynamo working, 
the pressure gauge (called the voltmeter) vm will indicate a 
difference of electrical pressure or an e.m.f., and the current 
gauge (called an ampere meter, or for brevity an ammeter) will 
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indicate a current flowing round the circuit. In this case we are 
not generating electricity, but simply putting into motion elec- 
tricity that was already there. 

Going back to Fig, i, suppose we turn off the tap t and keep 
the pump working, then the current meter will indicate no current, 
but the pressure gauge will indicate a slightly higher pressure than 
before. Here we have a water-moving force, but the resistance 
in the circuit is now exceedingly great, consequently no current 
can flow. 

Similarly in Fig. 2, if we switch off, still keeping the dynamo 
running, the voltmeter will show a slightly higher pressure, while 
the ammeter will indicate no current. Here again we have the 
one essential for a flow of electricity round the circuit, but not the 
other, for in switching off we have introduced into the circuit an 
enormous resistance. 

We have previously said, with regard to the rate of movement 
of the table, that it could be stated as being directly proportional 
to the table-moving force, and inversely proportional to the resist- 
ance, or — 

table-moving force 
resistance 

In the same way we can write — 

Rate of flow of \ electro-molive force 
electricity / ** electrical resistance 

It is evident that we might so choose the values of these units 
that "equal to" may take the place of "proportional to." l"his 
has been done, the units being so chosen that when unit e.m.f. 
is employed in a circuit having unit resistance, unit current flows 
through it, or — 

r, , e.m.f. 

Current = — -. 

resistance 

This is known as Ohm's law (" Ohm " being the name of an 
eminent German scientist, to perpetuate whose name the unit of 
resistance has been called the ohm). 

The unit current has been named after an eminent French- 
man, Ampere, so we say, "The current in amperes is equal to 
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6 ELECTRICAL ENGII^EERING. 

the e.m.f. in volts, divided by the resistance in ohms." Of 
course— 

volts 
ohms 
s the same thing as- 
Current = 



Amperes =-; 

o.f. 



Both are statements of Ohm's law. 

It will be noticed that we have referred throughout to the 
current as being not the movement of the table, or the flow of 
water or electricity, nor yet the quantity of water or electricity 
moved, but as the rale of movement Fifty gallons of water is 
not a current of water, but 50 gallons per minute is a statement 
of the rate of flow, and conjiequently is a statement of the current 
strength. So in electricity, a quantity of electricity is not a current, 
but a certain quantity passing round the circuit per second is a 
statement of the current strength. A current is the rate offime. 

Ohm's law has such wide and universal application in electrical 
engineering that tliere are but few problems that can be worked 
out without its aid, and the student has to become perfectly ac- 
quainted with it before he can get very far. Ohm's law as here 
stated— 



is an equation, and of course, like all simple equations, can be 
transposed. Thus — 

Resistance = — — '-^ and 

e.m.f. =currcnl x resistance 

are only different ways of stating the same thing. To make this 

clear to a beginner, suppose the current = 6 and the e.m.f.? 12, 

while the resistance = 2, then — 

e.m.f. ,12 1 

C = or 6 = - , and 

R z 

B = 5:£nu or 2 -= — , and 
c 6 

e.m.f. = cxRor 12^6x2, 
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OHM'S LAW. 7 

He will see that if one stalement be true, then the others must also 
be trae. 

Let us return again to our water circuit (Fig. i) and examine 
it tiiDre closely. Imagine the system to be <]uite full of water, 
and remember that water is a practically incompressible fluid. If 
now we have our pump at work, with the tap turned off, we shall 
have a difference of pressure between the two sides of the pump 
but no current. The moment we turn the tap on a current will 
flow, but this current will be everywhere in the circuit of the same 
strength, it wilt not be strongest at the pump and get weaker as we 
go round the circuit, but will instantly have the same strength 
everywhere, and the current does not get used up in going round 
the circuit. 

This is exactly the case with the current in Fig. j. If the 
dynamo be at work we have an e.m.f. in the circuit, but while the 
switch is off no current can flow. The moment we switch on 
there is a current in the circuit which is everywhere of the same 
strength, not stronger near the dynamo, and getting used up as it 
goes round the circuit, but of the same strength everywhere in the 
circuit. 

Let us now consider a few problems on the foregoing. 

I. The e.m.f. in a simple circuit (Fig. a) is= loo volts, the 
resistance of the whole circuit = 50 ohms. What current will flow 
through the circuit? 

Ohm's law says, current = — - — '-^-^ 
resistance 

Therefore in this case c = — = a amperes. 

It must be fully realised by the student that while the e.m.f 
remains at 100 volts, and the resistance remains at 50 ohms, the 
current in that circuit will be a amperes, no more and no less. 
It is impossible for any other strength current to flow. 

a. The resistance of the circuit being reduced to 10 ohms, 
while the e.m.f. is kept at too volts, what is now the strength of 
the current ? 

Again current = — .- 



Therefore c = = 10 amperes. 
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8 ELECTRICAL ENGINEERING. 

3. It is found that when an e.m.f. of 100 volts is applied to a 
circuit, a current of 25 amperes flows. What is the total resistance 
of the circuit? 

T,. ■ . e.m.f. 

The resistance = 

current 

Therefore the resistance = = 4 ohms. 

25 amperes 

4. In the same circuit we find that by twisting upon itself 
some of the wire of which it is composed, the current increases to 
50 amperes. What is now the resistance of the circuit, and how 
much resistance has been cut out by so twisting up the wire? 

Again, by Ohm's law — 

The resistance =-^:I5:'_ 
current 

Therefore the resistance = — = 2 ohms. 

It had four ohms previously ; we have therefore cut out 4 - a = 
3 ohms. 

5. In a circuit of zo ohms resistance, a current of 5 amperes 
is flowing. What is the e.m.f, in the circuit? 

By Ohm's law — 

The e.m.f. ^current x resistance. 
Therefore the e.m.f. = 5 x 20= 100 volts. 

6. What is the e.m.f. in a circuit whose resistance is equal to 
10 ohms when a current flows through it of 10 amperes? 

Again as above — 

The e.m.f. = current x resistance. 
The e.m.f = ao x 10 = 200 volts. 

I^t us now take another simple circuit and study it in detail. 

Fig. 3 represents a dynamo joined to four different conductors 
a, b, e, d, all having different resistances. These conductors 
joined up in the way indicated are said to be connected in series. 
In such a case the current has only one path, and the strength 
of the current must be everywhere the same, consequently the 
ammeter to measure this current can be pdt into any part of the 
circuit. In Fig. 3 it is shown between a and d. It should be 
noticed that the ammeter forms part of the circuit, and that 
consequently all the current goes through it, while the voltmeter 
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is shown joined by two separate fine wires to the dynamo terminals, 
and so forms another circuit complete in itself, similar to a small 
bye-pass, but it is only a very small current that takes this path, 
for the resistance of that instrument is purposely made large. 

Q. What current will flow through such a circuit as repre- 
sented in Fig. 3 ? 

Ohm's law tells us — 

e.m.f. loo 

._ = ^. , = a amperes. 

total resistance 50 



The current = 



Nolt. — We are here neglecting the resistance of the dynamo 
itself. It is always very small, but in many cases it cannot be 
neglected, as we shall see almost immediately. 






Fig- 3- 

The total resistance of the circuit is here made up of 
d-f-^ + f-t-^, but the same current flows through them all, and 
is everywhere of the same strength. It must be distinctly remem- 
bered that the current flows through the dynamo itself as well as 
through the external resistances a, b, c, and d. If this is not 
realised by the student, he should turn back to Fig. i. Here the 
current of water does not start at the pump and end there after 
going round the circuit, but the current of water is everywhere 
the same, and goes through the pump as well as through the 
pipes. 

Now Ohm's law applies to every part of the circuit as well as 
to the whole. We might ask, What is the e.m.f. on the ends of 
a, b, c, and d respectively ? Here Ohm's law gives us the solution. 
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The e.m.f. on n = current in o x resistance of a. 

Therefore e.m.f. on n = a x 5 = lo volts. 

The e.m.f, on * = current in ^ x resistance of b. 

Therefore the e.m.f. on * = i x i0 9<3o volts. 

The e.m.f. on f= current in fx resistance oft. 

Therefore the e.m.f. on f = 2 x 15 = 30 volts. 

And e.m.f. on 1/= current in >/ x resistance of ^. 

Therefore the e.m.f. on rf = 2 x ao = 40 volts. 
If we add these together we get a= ro volts ■hi = 20 volts + c 
=■30 volts+i/ = 4o volts— total 100 volts, which is the value of 
the e.m.f. generated by the dynamo. 

We thus see that the e.m.r is expended in the circuit, and 
unlike the current is quite different at different parts. It is, in 
fact, just proportional to the resistances of the various parts. 
Ohm's law tells us that this must be so, for if the same current 
flows through all the conductors, and these have different resist- 
ances, it follows that the greater the resistance the greater must 
be the e.m.f. expended on it to get the current through it, 
thus :— 

c has three times the resistance of a, and we find that it has 
three times the e.m.f. expended on it. Again, d has twice the 
resistance of ^, and has twice the e.m.f expended on it, while d 
being four times greater in resistance than a has four times the 
e.m.f. 

This opens out to us a very simple method of comparing 
resistances. If we join their ends K^ether in series and send the 
same current through them, then the e.m.f in the circuit will 
divide between them just in proportion to their resistances. If 
we apply a voltmeter to the ends of each separate resistance the 
various indications of the voltmeter will be proportional to the 
various resistances. If we include in the circuit a resistance 
whose value is known, then we could tell the value of the others 
by simple proportion. 

Q. The same current is sent through two resistances in series 
A and X. A = 10 ohms and x is an unknown resistance. A 
voltmeter when connected to the ends of a reads 25 volts, and 
when connected to the ends of x reads 75 volts. What is the 
resbtance of j:? 

The voltmeter readings tell us the proportion of the two 
resistances (as the same current was flowing through both when 
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the two readings were taken), for the e.m.r. divides up in such a 
circuit exactly in proportion to the different resistances. 

Therefore the two resistances are in the proportion of 25 : 75 
or I : 3, tliat is to say, x is three times greater in resistance than a. 

But A is 10 ohms. Therefore x=io>.^ = y> ohms. We 
could apply the same method to any number of resistances in 
series, providing the current flowing through them does not 
vary. 

Fig. 4 gives us another example. Here a dynamo is repre- 
sented as supplying power to some premises at a distance. The 
current flowing through the mains = 100 amperes. The resistance 




a^sisCance oF Mains - OS Ohm. 



Fig. 4- 

of the mains = .02 ohm ( = j§irohm). What will be Ihe e.m.f. 
spent on the mains in getting the current through them. 

Ohm's law again helps us. It says — 

e.m.f. spent on mains = current in mains x resistance of mains. 

Therefore e.m.f. spent on mains= 100 x .02 = 2 volts. 

Suppose this dynamo be able to generate 100 volts when no 
current is flowing (on open circuit), then when wc switch on 
there will be a distribution of the voltage round the circuit pro- 
portional to the resistances of the various parts. We should find 
2 volts spent on the mains, and 98 volts in the premises being 
supplied. 

Up to the present we have not considered the resistance of 
the dynamo itself, but the small resistance at this part leads to 
many important consequences. For example, in the case of 
Fig. 4, suppose the dynamo had a resistance of .02 ohm, then 
when it is delivering 100 amperes we should find 2 volts spent 
in the mains, and another 2 volts spent in getting the current 
through the dynamo itself, leaving only 96 volts at the consumer's 
disposal, and if he had arranged for his lamps, motors, Stc., to be 
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worked at loo volts, he would not be content with 96 volts instead. 
Besides, we shall see a little further on that this entra .oa ohm in 
the dynamo, though apparently such a small amount, means a 
loss of power, while it continues to deliver 100 amperes, of more 
than \ horse-power. 

Q. A dynamo on open circuit generates 105 volts. It has 
a resistance of .01 ohm. It is connected to mains having a 
resistance of .015 ohm. The ammeter indicates a current flowing 
of 200 amperes, (i.) What will be the voltage at the further 
end of the mains P (2.) What will be the voltage spent in getting 
the current through the dynamo and the mains? 

By Ohm's law we know that the e.m.f. spent on the dynamo = 
current through the dynamo x resistance of the dynamo. 

Therefore e.m.f. spent on dynamo = aoo x .01 = 2 volts. 

Again e.m.f. spent on the mains = current through the mains x 
resistance of the mains. 

Therefore e-ra.f. spent on mains=.20ox.ois = 3 volts. 

The dynamo on open circuit generates 105 volts, but when 
delivering 200 amperes, 2 volts are spent on the dynamo, and 3 
volts on the mains. Therefore at the further end of the mains we 
should have 105 -5= 100 volts. 

In such a case as we have just considered, if we joined a volt- 
meter to the dynamo terminals while it is running on open circuit, 
it would indicate 1 05 volts. The ammeter would of course indicate 
no cunent, but the moment we switch on, and so allow the current 
of 200 amperes to flow, the voltmeter would suddenly indicate 
103 volts, the other 3 volts being spent in getting the current 
through the dynamo, owing to its own resistance. To distinguish 
this latter reading from the former, we call it the potential differ- 
ence. We say the dynamo is capable of generating an e.m.f. 
of 105 volts, but the potential difference when delivering aoo 
amperes is 103 volts. It will be seen that the potential difference 
depends on the current, and varies with it. From the above it 
would be quite easy to cafculate the resistance of the dynamo, for 
we see that it loses 2 volts when delivering 200 amperes, and 
according to Ohm's law — 

™, . , , J e.m.f. spent in dynamo 

The resistance of dynamo = ^, ; — '- 

current through dynamo 

Therefore resistance of dynamo = ~ =.oi ohm. 
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The e.m.f. and also the potential difference or p.d. are both 
measured in volts. The e.m.f, is spoken of when we are con- 
sidering the whole circuit including the generator, while the p.d. 
is used when we are considering the circuit outside the generator ; 
thus, in the above case, we have for the whole circuit an e.m.f. of 
105 volts, but for work outside the dynamo only 103 volts. 

This is very similar to the indicated and brake horse-power of 
a steam-engine. With the aid of an indicator we can make a 
diagram telling us the value of the horse-power generated in the 
steam-engine cylinder, but some of this power is spent in over- 
coming the frictions of the moving parts of the engine itself, so 
that for work outside the engine we must deduct a certain amount 
depending on (he amount of friction in the engine. The horse- 
power as measured by the brake on the fly-wheel or pulley is the 
horse-power available for work outside the engine, and is always less 
than the indicated horse-power. 
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CHAPTER II. 

UNITS EMPLOYED IN ELECTRICAL 
ENGINEERING. 

We may now consider how the units we have Jieen using, to- 
gether with others used in electrical engineering, are derived. 
The original units, known as the " absolute units," were found lo 
be inconvenient for practical work, and consequently the practical 
units employed are multiples of the absolute units in the decimal 
system. The absolute units, to which we o^n must refer, are 
based on an universal system of units known as the C.G.S. system, 
or the " Centimetre, Gram, Second " system, the centimetre being 
the unit of length, and is equal to yjj pan of the length of the 
standard metre kept at the Board of Trade Standards Laboratory. 
There are 2.54 cm. in i in., and therefore i cm. is just a little 
over \ in. This, then, is our unit of length. The gramme is the 
unit of weight (sometimes shortened to gram). This again is.a 
very small unit compared with the pound weight. It is the weight 
of water at q° C. which will just fill a cube of i cm. side. This 
weight is only ^J^ lb., or there are 453 (or to be exact, 453.6) grams 
to 1 lb. weight. The second is familiar to all. It is the short^pace 
of time represented by ,\; minute. All the other units can be built 
up from these three. For instance, unit area is the area covered 
by I sq. cm. ; unit volume is the volume of a cube of i cm. side. 
We have another unit in this system, not found in mechanical 
engineering, viz., unit of force, and this has been called the 
"dyne," which is the Greek for force. This is an exceedingly 
small unit of force compared with the force exerted by a pound 
weight. It is the force which, if allowed to act on a mass of 
r gram for r second, would impart to it a velocity of i cm. per 
second. To get a more definite idea of the meaning of this force, 
suppose we have a pulley, very light and easy running, and a very 
fine cord passing over it supporting a gram weight at each end, 
then the force of gravity would be balanced, and there would be 
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no tendency for either weight to move downwards, but if we start 
one weight moving, it would continue to move with a uniform 
velocity until dam[)ed out by the friction of the air and the pulley. 
If the pulley were quite free from friction, and the arrangement 
placed in a vacuum, then the weight would continue to move at 
a unifoim rate, depending on the force applied and the time it 
is applied, till it touched the bottom of the apparatus. This, 
then, is made the measure of the force. It is such a force which, 
if applied for i second, makes the small gram weight move with 
a velocity of i cm. per second. This, it will be noticed, is inde- 
pendent of the force of gravity, which varies at different parts of 
the earth, depending upon the altitude. It would, in fact, be the 
same force if measured at any place, whereas tl^ force exerted by 
a pound weight would vary with position. At sea level, i gram 
exerts a force of 981 dynes, or a gram acting on another gram 
for I second would impart to it a velocity of 981 cm. per second. 
As there are 453 grams in i lb., a pound weight would exert a 
force of 981 X 453 dynes. The foregoing is here tabulated : — 

C.G.S. SVSTEM. 
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Nuu. 
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Length - 
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Gram - - 
Dyne 


453 E'»n«= ' ">■ 
981 drnes= I £fam. 




Erg . . 








1 etg per seconfT. 






6d 9econdt= i minule. 



Two of the units enumerated above, vie., work and power, 
must be further considered. Work is done when a force is over- 
come through fl distance, or when a weight is raised against the 
force of gravity. The amount of work done is measured by the 
force applied, multiplied into the distance through which it is 
applied, thus: — Suppose a weight of 50 lbs. be raised lo ft., 
then 500 foot-pounds of work are done. The weight in i^in 
falling to the ground would do 500 foot-pounds of work also, 
and we should in this way get back the work done in raising 
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it. When the weight has been raised, we say it possesses potential 
enei^y owing to its position. We have, as it were, stored up 
so much work. The amount of potential enei^ possessed hy 
the weight depends on the vertical height through which it is 
raised. It will be observed that the time taken in raising the 
weight does not influence the amount of work done. It would 
be exactly the same if done in one minute or one year. 

But the rate of doing work depends on the amount of work 
done, and the time taken in doing it. The power is the amount 
of work done in one second or »nt minute. Suppose it takes 
5 minutes to raise the 50 lb. weight through 10 ft. Then work 
done — 50X 10 = 500 foot-ijounds. Work done per minute = -j- 
= 100. Therefore power or rate of doing work = 100 foot pounds 
per minute. It will be seen that power can be very large with 
only a small amount of work done, if the time taken in doing it 
be very short, or again, we can have a very lai^e amount of work 
done with a small power, but in this case the time taken in doing 
the work will be large. 

In the C.G.S. system the unit of weight is the gram and the 
unit of length is the centimetre, and therefore the unit of work is 
the work done in raising i gram vertically through 1 cm. This 
amount of work has been given a name, the "erg" (Greek for 
work). 

Again with the power, the unit of time being the second, 
and the unit of work the erg. The unit of power is the rate of 
doing work equal to 1 erg per second, instead of the mechanical 
engineer's unit of i foot-pound per minute. 

The units of work and power in the C.G.S. system are very 
small, and though very convenient for scientific purposes where 
the forces employed are of a small order, they are altogether too 
small for the present engineering work, for we should be oflen 
speaking of so many millions or billions of ei^. It would be 
comparable to using an inch rule to measure the length of 
England, or to speak of the weight of a battleship as so many 
pounds. For these large engineering measurements we must use 
some large multiple of the standard. 

In electrical engineering the unit of work is known as the 
"joule," which is equal to 10,000,000 ergs, or 10' ergs. This 
amount of work is equal to .7373 foot-pound, or nearly three- 
quarters of the work done in raising i lb. through i ft. Our 
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engineering unit of power then becomes 1 joule per second 
instead of 1 erg per second, and this is known as the "watt." 

The mechanical engineer's practical unit of power is known as 
the horse-power. It was first determined by James Watt, the 
inventor of the steam-engine, for he was always asked to provide 
an engine to replace so many horses, and he therefore had to find 
out the rale of doing work by the best horses throughout the 
whole working day. After repeated trials he fixed this at 33,000 
foot-pounds per minute, or 550 foot-pounds per second. 

I watt is equal to .7373 foot-pound per second. 

Therefore i h.p. = = 746 watts, or 746 joules per second. 

We have now to consider the electrical units of current, re- 
sistance and electro-motive force or potential difference, that we 
have been using in the last chapter. 

The science of magnetism was known earlier than electrical 
science, and many of the magnetic units were fixed and used long 
before the phenomenon known as an electric current was dis- 
covered. One of the first discoveries in magnetism was that two 
magnetic poles would attract or repel, and again that the poles 
pointed approximately north and south, and that two poles which 
pointed in the same direction repelled each other, and two poles 
whicli pointed in opposite directions attracted each other. This 
attractive and repellent powcf was made a measure of the strength 
of magnetic poles in this way : — 

Suppose we have two poles, exactly alike, and place them 
I cm. apart with their other poles far removed, then, if the force 
of attraction or repulsion be unit force (i dyne), both poles shall 
be called unit poles. 

If now one of these unit poles be placed 1 cm. away from 
any other pole, the force of attraction or repulsion in dynes is a 
measure of the strength of that pole. 

As soon as it was discovered that an electric current gave rise 
to a magnetic field, it was seen that we might use the unit mag- 
netic pole to measure also the strength of the current. But the 
magnetic field so created is continuous with the conductor carry- 
ing the current, and therefore the greater the length of the con- 
ductor we bring to bear on the unit pole, the greater would be the 
force exerted by it. We have therefore to take a unit length of 
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the conductor (i cm.). But as the magnetic field varies not only 
with the strength of the current, but also on its distance from the 
unit magnetic pole, it follows that all parts of the i cm. length of 
the conductor must be at the same distance from the pole, and 
this distance must again be unit distance (i cm.). We see, there- 
fore, that to comply with the above requirements we must take 
I cm. length of the conductor, and bend it into an arc of i cm. 
radius, and place the unit magnetic pole at the centre. If now 
the current be adjusted till the force exerted on the unit magnetic 
pole be I dyne, then we have got the absolute unit currenL 

The unit so obtained was found to be inconveniently large, 
and so for practical purposes we take y^^ of its value as the unit, 
and this is known as the "ampere." 

The unit of electro-motive force or electrical potential difference 
is measured indirectly, by measuring the work done in ui^ng the 
unit quantity of electricity between any two points. This may 
not be clear at first sight, but let us consider the similar problem 
in mechanical engineering. Suppose we wish to measure the 
he^ht of a building or tower, and imagine we have an instrument 
loT measuring work done, then we could measure the height by 
finding how much work is done in lifting the unit quantity (i lb.) 
to the top of the building. Suppose 500 foot-pounds of work are 
done, then the height is 500 ft. 

But what is the unit quantity of electricity? We have seen 
(Chapter I.) that the current is the rate of flow, and is therefore 
equal to the quantity divided by the time. Therefore the unit 
quantity is the quantity of electricity that passes round the circuit 
in I second when a current of i absolute unit flows. The ampere 
is only y\r of this current, and therefore the practical unit of 
quantity is only xV '*>« absolute unit also. This praaical unit is 
known as the "Coulomb." 

The work done is measured by the quantity raised, multiplied 
into the height through which we raise it. In electrical work the 
potential difference is the equivalent of the vertical height in 
mechanics or the head in hydraulics, and therefore if V stands for 
the potential difference and q for the quantity, the work done 
W = QV ergs (the erg being the unit of work). Therefore absolute 
unit potential difference exists between any two points when t erg 
of work is done in urging absolute unit quantity of electricity from 
one point to the other. 
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But for practical purposes we decided to take a unit for work 
equal to 10^ ergs, and a unit for quantity equal to y'g absolute 
unit, and therefore for practical purposes y'^ q x v = 10^ ergs. 

Therefore v = ^° . ^^^^ = 10* absolute units. 

tVQ 

That is to say, the practical unit of electro-motive force or 
potential difference is equal to ioo,ooo,oco absolute units, and 
this is known as the volt. 

• By Ohm's law the resistance is equal to ^'"'' ' , and therefore 

. in absolute units a conductor has unit resistance if the absolute 
unit current flows in it when its ends are maintained at an e.m.f. 
of absolute unit value. For practical purposes, however, e.m.f. 
= lo^ and the current = y\f absolute unit. Therefore the practical 

unit of resistance = - . - ' — ^■= 10^ absolute units = i ohm. 
Ac 
We have seen that work done is equal to Qv, and power is the 

rate of doing work = ^°^\ ^°"^ ■ Therefore ^ = power. But 5 
* time f t 

is the measure of the current, and therefore 5 x v is the measure 

of the power =vc. We have also seen thai for practical purposes 
v = 10^ and c = Y'g absolute unit, and the absolute unit of power 
is I etg per second. 

Therefore ^ = cv='.^x io'= lo'' ergs per second, that is, 

I joule per second, or i watt. ^ 

Therefore the product of the e.m.f. in volts and the current 
in amperes gives us the power in watts. 

This is similar to the mechanical engineer's method of 
measuring power. It is not sufficient to consider the current or 
the pressure alone, as we see by referring back to Fig. i. When 
the pump is at work and a current flowing through the pipes, the 
circuit is absorbing a certain amount of power. Suppose we 
suddenly turn off tap t, the current will stop, and the circuit is 
now absorbing no power though there is still a difference of 
pressure in the circuit. We therefore see that a current is 
necessary before we can speak of the power. But the current 
that flows is not a measure of the power in the circuit, for it is 
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t to have a large current flowing and still very little power, 
whereas in another circuit the current may be relatively very small 
while the power in the circuit is very large. The power depends 
in part on the current strength, and also on the value of the 
pressure under which the current flows. 

This may be further illustrated by considering a hydraulic lift. 
We have often seen a large heavy cage full of passengers being 
raised at a certain rate to the top of some building. This is done 
by allowing water to enter a long narrow cylinder containing a 
very good fitting rod of steel attached to the under side of the 
floor of the cage. . As the water enters at the bottom, it pushes 
the rod or ram out of the way, and consequently the lift is raised. 

Now, comparatively speaking, very little water is required to 
raise the lift to its full extent, and therefore the current is small, 
but the water is forced into the cylinder under a pressure of 
perhaps »,ooo lbs. on each square inch, and the water is thus 
given enough working power to enable it to raise the heavy weight 
of the lift at a fairly rapid rate. 

It therefore follows that the power possessed by the water 
depends on the pressure or head of water, and on the current 
that flows, for if the current flows under a very small head it 
possesses but a very small amount of power, and if there be no 
current we absorb no power, whatever the pressure may be. To 
get the value of the power we must therefore multiply the 
current flowing by the pressure. 

It will be noticed that if we only partially turn on the tap, 
water will enter the cylinder at a slower rate, that is to say, the 
current will be smaller, consequently the lift will be raised at a 
slower rate, though even at a slower rate we should eventually 
arrive at the top. But the lift cannot be raised from the bottom 
to the top without a certain definite amount of work being done, 
consequently whether we move quickly or slowly to the top will 
not make any difference in the amount of work done, it is only 
the rate of working that will be different. Evidently the power 
we employed in moving the lift when the tap was only partially 
turned on was less than when the tap was full on, for the current 
was less while the pressure in the two cases was the same. In 
the on« case we used the smaller power for a longer time, and in 
the other case the larger power for a shorter time. 

Q. I. An incandescent electric lamp takes a current of .6 
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ampere when joined to mains at a diflerence of potential of 100 
volts. What power is spent in the lamp ? 

Power = volts x amperes. 

Therefore the power spent in the lamp= loox .0 = 6o watts. 

Q. 2. A circuit has a resistance of 5 ohms, ^nd is joined to a 
dynamo that is generating an c.m.f. of 50 volts. 

(i) What is the current flowing throilgh the circuit? and {2) 
What is the power being absorbed ? 

The current by Ohm's law = -; = — = 10 amperes. 

The power absorbed is equal to ex v watts= lox 50 = 500 watts. 

Q. 3. A dynamo is delivering a current of 100 amperes. Its 
resistance is .oz ohm. What is the amount of power spent in the 
dynamo itself? 

The e.m f. spent in getting 100 amperes through the dynamo 
is, by Ohm's law, equal to the current through the dynamo, multi- 
plied by the resistance of the dynamo. 

Therefore e.m.f. spent on dynamo = 100 x. 02 = 2 volts. 

The power spent in the dynamo is equal to c x v watts = 100 
X 3 = 200 watts, 

Q. 4. A resistance of 2 ohms is put into a circuit, which then 
makes the total resistance of the circuit equal to 10 ohms. The 
e.m.f. in the circuit is 100 volts. What is the power being ab- 
sorbed by this added resistance ? 

The power absorbed in watts is equal to the e.m.f. on the 
added resistance, multiplied by the current through the added 
resistance. 

The volts spent on the added resistance is, by Ohm's law, 
equal to the current through it, multiplied by the resistance of it. 

Therefore volts spent on added resistance = current through 
itx2. 

The current through the added resistance is equal to — . 

e.m.f. 100 

—. = — = 10 amperes. 

resistance 10 

Therefore volts spent on added resistance = 10 x 1 = 20 volts. 

The power absorbed by the added resistance = e.m.f, on it x 
current = 20 x 10 =» 200 watts. 

We might write, for the power absorbed, c*r instead of e.m.f. 
X c, because, by Ohm's law, the e.m.f. is equal to the current x 
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resistance, and if we put (c x r) instead of e.m.f, we could write 
(cxr) xc = C*r. In this case, no useful work is done, the power 
being simply frittered away in heating the resistance, and c*R Is a 
measure of the heat being developed in any circuit Useful work 
is done or energy is stored only when a back e.m.f, is introduced 
into the circuit. Thus, if we want work done by an electric motor, 
then the motor must develop a back e.m.f., which it does the 
moment it starts rotating, otherwise our enei^y will be spent in 
simply warming the motor conductors. When the motor rotates 

and develops a back e.m.f., the current is then equal to c= — ^ 

where k is the e.m.f. used to drive the motor (called the impressed 
e.m.f.) and e is the back e.m.f. developed by the motor, while r is 

the resistance of the circuit. If therefore c= -^- it follows by 
R ' 

simply transposing the equation that e = cr+*, and the power 

supplied being equal to E x c is therefore equal to — 

(CR + <) c = c*R + ec. 

C^R is the fraction of the power being supplied that goes to heat 

the motor and other parts of the circuit, while ec is the power 

transformed into mechanical work by the motor =^ ff watts. 
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CHAPTER III. 

SE/ilES AND PARALLEL CIRCUITS. 

Current Density and Potential Drop in the Circuit. 

In the simple circuits considered up to this point, all tlie power 
put into the circuit is transformed into heat, and unless the heat 
is utilised for lighting or other purposes, the power is wasted. 

Let us consider the absorption of power at the different parts 
of the circuit. We have seen that the power=vc, and also that 
V is proportional to r. The current being of the same strength 
throughout, it follows that the power absorbed at dilTerent parts 
of the circuit is proportional to the resistances of the different 
parts. Referring again to Fig. 4, and taking the resistance 
of the dynamo as equal to .02 ohm, the resistance inside the 

premises is, according to Ohm's law, R= I -^ — —\ -resistance of 

mains and dynamo. Therefore r = (jSJ)-.04= i -,o4 = .96 
ohm. How is the power distributed in this circuit? The power 
at each part-=vc. Therefore the power Spent on the mains => 
voltage drop on the mains x current in mains. But voltage drop 
on the mains, by Ohm's law, is equal to the current flowing in 
the mains x resistance of the mains, and therefore we can write 
c X R instead of v. 

Therefore power spent on mains = vc = (c+r)c = c'r= 100* 

X .02 = 200 watts. This amount of power is simply wasted (in 
this case) in urging the current through the mains, and it 
manifests itself in heating the mains. 

The same ^plies to the dynamo, for there we have in our 
supposed case another resistance of .oa ohm, and as the current 
flows through it we get there another waste of energy of 200 watts 

"ttt horse-power, which makes the dynamo conductors warm. 
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Inside the premises we have power utilised equal to c*R = loo^ x 
.96 = 9600 tratts or Y^j =11.86 horse-power. 

The power spent or the mains and dynamo is of great 
importance in practice, for it limits the carrying capacity of 
both. 

We have very frequently spoken of the resistance of the mains 
and the resistance of different parts of the circuit, but the re- 
sistance can be varied in ways we will now consider. 

If we Cake a piece of wire having a known resistance, and cut 
it into two equal lengths, we find on measuring that each piece 
has just- half the resistance of the former piece, that is to say, 
the resistance of a given wire of uniform section is proportional 
to its length. 

But the resistance also depends upon the sectional area. Thus, 
if we take three pieces of wire made from the same material, but 
having sectional areas in the proportion of 1:2:3, ^t><' (^ut them 
all to the same length, we find their resistances to be in proportion 
of I : J ; J. That is to say, their resistances are inversely pro- 
portional to their sectional areas. 

The student must be careful here to remember that the ratio 
of the sectional areas is not the same thing as the ratio of their 
diameters. It will not do to say the resistances of two wires of 
the same material are as ■ : 3 because their diameters are as 3 : i, 
for such would be altogether wrong, the area of a circle being 
proportional to the square of the diameter. As an example, 
suppose we have two rods, one 3 in. diameter and the other 6 in. 
diameter, then their diameters are in the ratio of i : », but their 
areas are in the ratio of 3' : 6* or 1 : 4. So that if these rods 
were of the same material and of equal length, the 3 in. 
diameter one would have four times the resistance of the 6 in. 

The resistance of conductors also varies very largely with the 
nature of the material used. For instance, if we take three different 
wires, all the same length, and the same in sectional area, but one 
made of copper, another of iron, and the third of german silver, 
their resistances would be in the ratio of i : 6 ; 13. It is useful to 
remember these figures as being approximately correct, for the 
three metals named are in great demand in electrical engineering. 

The following is a list of the most commonly used metats, with 
their relative resistances and specific resistances:— 
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MouL 




Silver 


I.ooo 


OOOOOIW 


Copper, soft - 








;;3^ 




„ hatd drawn 








00000163 


AluiDinlutn 








1.98s 




Zinc 








3-74> 


00000562 


Platinum - 
Iron - - 








6.1M2 

6.460 


0000090s 

00000971 


Lead . - 








13-05 


00001963 


Gennan A\va - 








13.92 


00002093 


Mercury 


63.73 


00009431 



The third column headed specific resistance is giving the re- 
sistance of unit length of the different metals each having unit 
sectional area. The unit here used is not the English "inch," 
but the French " centimetre," and the area is the square centimetre. 
There are 2.54 cm. in i in., therefore the unit length of metal of 
unit sectional area would represent a small cube of the mtial 
about I in. across the face. ^ 

The specific resistance really shows us the influence of the 
nature of the material spoken of above, for here the metals, when 
reduced to unit length and unit sectional area, have quite diflerent 
resistances. 

The table is very useful if the specific resistances can be 
remembered, for we can then calculate at once the resistance of 
any wire by simply measuring its length and its sectional area. 
The student should therefore try to remember the specific resist- 
ance of the three common metals used, viz., copper = . 0000016, 
iron =-.00001, and german silver = .000021. A few examples will 
show the use of this table. 

We have already seen that the resistance of a conductor is 
proportional to its length and to its specific resistance, and in- 
versely proportional to its sectional area. This can be written in 
the form of a simple equation, thus— 

R-!e2e!!x,p,res. 



Q, A copper wire .05 sq. cm. in section is 1,000 cm. long. 
What is its resistance ? 
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Therefore R = >:. 0000016 = . 033 ohm, 

■OS 

Note. — It must be remembered that in using this formula the 
length must be in centimetres, and the sectional area must be in 
square centimetres, because the specific resistance is given as the 
resistance of i cm. length having a sectional area of i sq. cm. Of 
course we could take values for the specific resistance correspond- 
ing to I in. length having i sq. in. sectional area, and this is often 
done. The values in these units can easily be calculated by multi- 
plying the values given for i cub. cm. by 2.54 and dividing the 
result by 6.45. This is equivalent to multiplying by .393. For 
copper, this is equal to .00000066. 

Q. A coil is wound with 500 yds. of copper wire having a 
sectional area of .003 sq, cm. What is its resistance? 

Here 500 yds. must be brought to centimetres. There are 
2-54 cm. in i in.; and therefore 36 times 2.54 cm. in i yd. = 
91.44 cm.; and therefore 500 times 91.44 cm. in 500 yds, = 
45720 cm. 

Again R^^l^xsp. res. 

Therefore r = '*1^°x .0000016 = 36.5 ohms. 

Q. If we substitute german silver of the same size and length 
for the copper in the last case, what difference will it make in the 
resistance ? 

length __ 

R = — -°— X sp., res. 
section 

Therefore r = ^^^^ ^.00002 = 457 ohms. 

Q. A bobbin is closely wound with copper wire whose sectional 
area is .or sq. cm. Its resistance =2 ohms. What length of wire 
is there on the bobbin ? 

Again R .-!£!£'' xsp.ra. 
section 

Therefore 2 = '-HH^ x .0000016, 
Therefore length = : — -. = 12500 cm. 
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Or if wanted in yards, we divide 11500 by 2.5, the number of 
centimetres in i in., and divide the answer by 36, the number of 
inches in i yd., or — 

^^i°° = 139 yds. on bobbin. 

2-5 ^ 30 

Q. A TO ohm resistance of iron wire has a sectional area of 

.1 sq. cm., but is found to be too small to carry the required 

current. It is proposed to replace the iron by german silver wire 

of twice the sectional area. What length of wire will be required ? 

Here ^ain B = — I— x sp. res. 
Therefore 10= — 5_ x .00002. 
Therefore length = '— = looooocm. = 1111 yds. 

Q. What was the length of the iron wire replaced by the 

.german silver? 

The same equation gives us it : — 

length 
R = — : — X sp. res. 
section '^ 

Therefore 10 = — b_ x .00001. 



That is, a certain length of german silver wire replaces the same 
length of iron wire of half the sectional area, leaving the resistance 
the same. The student will notice that this is only approximately 
correct, for the values taken for the specific resistance of iron and 
german silver are not exactly those given in the table, but approxi- 
mations easy to remember. If it is desired to have the result 
exact, then .00000971 must be taken for iron, and .00003093 for 
german silver, but for a large number of cases the figures we have 
been working with will be found to be sufficiently near at this 
stage and easy to remember. 

Q. Show how you would calculate the length and sectional 
area of a wire to have a certain resistance, and just fill the wind- 
ing space of a bobbin of given dimensions, n^lecting the space 
occupied by insulation. 
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First, imagine the winding space on the bobbin to be filled 
with solid copper forming one turn. We can calculate the length 
and cross section of this, and calculate its resistance r — 

r= — X sp, resistance. 
sa 

Calling the required resistance of the wire r we then have — 

r ; R : : — of solid : — of wire. 
sa sa 

Therefore — of wire = R x — of solid V 



Now the required length of wire x sectional area of the wire 
is equal to the volunne of the solid copper, which has already been 
calculated. 

If we therefore multiply the volume of the solid copper (or 

length X sectional area) by the — ?— we get the Icnglh *. 

Taking the square root and dividing this into the volume, we 
get the sectional area. 

This will perhaps be followed easier by taking a case. Sup- 
pose the wire is required to have a resistance of 50 ohms, and the 
bobbin be 3 in. long in the winding space, 3.5 in. outside and 
.5 in. inside diameter, then the mean diameter= 1.5 in., and the 
length of the solid copper=i.s xn- in., and its sectional area = 
3 X I = 3 sq. in. 

Volume of the copper filling the winding space = length x 
sectional area=i.5xirx3 cub. in. 

Resistance of the solid copper 

= r=_'5 — 3:_4 — x. 00000066 = .000001038 ohms 

(.00000066 being the sp. res. of copper in cubic inches). 

,'. 000001038:50::-^^ . — of wire. 

■^ " 3 ^^ 

... J^-^gtlL of wire = l:iii3:i^i^So = „o^^^„. 
sec, area 3 x .000001038 
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The length xsec area = 1.5 xh-x 3 = 14.1372. 

.-, _ x/x Jii=/*=77000000X 14.1373= 1088544000 in. 

.•.1= ^1088544000 = 33996 in. = 916 yds. 

Sectional arca= ''*"H'/ = . 0004,30. in. 
33996 

If we take a piece of wire whose resistance is i ohm, and 
apply an e.m.f. to the ends of it, we find that it is able to con- 
duct electricity. We might say that this piece of wire has unit 
conducting power, or unit conductivity, as well as unit resistance. 




If we lake another piece of the same wire, but twice the length 
of the former piece, it will have twice the resistance, that is, it 
will conduct electricity only half as well as the former piece, con- 
sequently we should say this piece of wire has a resistance = 3 
and a conductivity = J. Again, if we take a wire having a resist- 
ance of 10 ohms, then it will conduct electricity only ^ as well 
as the piece having 1 ohm. Therefore we should say its con- 
ductivity is -^Tj, and so on. 

We thus see that the conductivity of a substance is the re- 
ciprocal or the reverse of its resistance. If the resistance of a 
conductor be 50 ohms, its conductivity is -,\r. A name has been 
given to the unit of conductivity which is easy to remember. 
Seeing that conductivity is the reverse of resistance, the name of 
the unit of resistance (ohm) has been reversed for that of conduc- 
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tivity. 'Itius a wire of i ohm resistance has i mho conductivity. 
A wire of 75 ohms resistance has a conductivity of -^j mho, while 
a wire of \ ohm resistance has a conductivity of 3 mhos. 

Of course it witl be understood that if conductivity is the 
reciprocal of resistance, then resistance is also the reciprocal of 
conductivity, one the reverse or reciprocal of the other. There- 
fore a wire of j^ mho conductivity has a resistance of -j- — 

Iff 
50 ohms. 

We have now to consider circuits other than the simple circuits 
described in the last chapter, known as divided circuits or parallel 
circuits. 




'';^&^ 



Fig. 6. 



Fig. s represents a simple circuit in which the principal 
resistance consists of a conductor a of 50 ohms resistance ; the 
remainder of the circuit consists of a dynamo capable of generating 
an e.m.f. of 100 volts, and thick connecting wires joining it to 
the ends of a. 

If we neglect for the present the small resistances of the 

dynamo and connecting wires, then the current flowing = c=- = 



50 



= 2 amperes. 



Suppose we now join the points c and D with another con- 
ductor B exactly similar to a, as in Fig. 6. Will the current 
through the dynamo be greater or less than before ? And will it 
make any difference to the current flowing through a? Let us 
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see- A c^ii conduct electricity across between c and d, its con- 
ductivity being ,'„ mho, that is, it will conduct electricity across 
only y^ as well as a resistance of i ohm. Itut we have now got 
two paths, each with a conductivity of -j^o mho, so the two K^ether 
can conduct electricity across twice as well as one of them, for 
now we have a conductivity of A + icr = 5V ""ho. We have 
already seen that resistance is the reciprocal of conductivy, there- 
fore the resistance between c and d is now ~= 25 ohms. But it 

was 50 ohms before we joined the second wire across, so that 
we have reduced the resistance to half its former value, and by 




Ohm's law the current through the dynamo has doubled, for 

c = -= — =4 amperes; 3 amperes through a, and 2 amperes 

R 25 
through B. 

To make this quite clear, let us take our water analogy again. 
Fig. 7 represents a water circuit similar to our last electrical circuit. 
If the pump be working continuously, maintaining a difference 
of pressure between its ends, then with t turned on and / turned 
off, we should have a flow of water round the circuit through a, 
which would offer the principal resistance of the circuit, and the 
current gauge would indicate a certain current flowing through 
the pump. If now we turn on tap /, we open up another path for 
the water to flow in, and consequently, as water will flow in b 
just as easily as in a, the resistance to the passage of water from c 
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to D would be halved, and the current gauge would immediately 
indicate twice the former current The two pipes in parallel are 
really equivalent to one pipe of twice the internal sectional area. 
The same thing would apply to 3, 4, 10, or any number of similar 
pipes joined between c and d ; the resistance would be reduced to 
3< i< <^'' TV its former value, with a corresponding increase in the 
current flowing through the pump. 

It must be understood that there is no increase in the current 
(lowing through any individual pipe when others are connected 
across. The current in a, Fig. 7, for instance, would remain 
practically constant throughout, providing the pump maintained 
the same difference of pressure. 




It is in this way that we must look upon the electrical current 
in Fig. 6. The more similar wires we join between c and d, the 
more are we increasing the conductivity between these points, and 
the less is the resistance becoming, but providing the dynamo 
maintains the difference of potential, no alteration would take 
place in the value of the current in any individual conductor. 
Each separate conductor would act according to Ohm's law, and 
each being joined to points, maintained at the same difference of 
potential, and each being of the same resistance, each must have 
the same strength of current flowing through it 

The case where all the wires joined across c and D, Fig, 6, 
have equal resistances, is perhaps the most simple, but it is not a 
very great stride to pass to the case where the resistances of the 
conductots vary. 
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Consider Fig. 8. Here we have c and d joined by two wires, 
A having a resisUnce of 50 ohms, and u having a resistance of 
25 ohms. 

Now we have seen that A has a conductivity or conducting 
power = j'|„ similarly u lias a conductivity = j'j, and therefore the 
two together have a conductivity of g'j+j'j=/^ mho. The re- 
sisUnce between c and u being the reciprocal of the conductivity 

is = -ip = ^ — = 16.6 ohms 
Iff 3 
(less than the smallest resistance). 

The current flowing through the dynamo now is — 

c = - = -~— = 6 amperes. 
R 16.6 *^ 

Again, imaginecand D to be connected by three wires, a = so 
ohms, B = 2S ohms, and g = io ohms. Then the conductivity 
between 

candD = — + ~+— =i±i±S = _8 n,|jQ 
50 15 10 50 50 
and the resistance between 



{again less than the smallest resistance joining c and d). 

Of course the combined resistance must be less than that of 
the smallest resistance between the points, for if C were there 
alone, that part of the circuit would have 10 ohms resistance, and 
the addition of b and a, though lai^er than G, is only diminishing 
the resistance between these points by opening up other paths for 
the passage of electricity. 

Q. I. What is the resistance of four wires in parallel of 2, 5, 
10, and ao ohms respectively? 

The combination has a conductivity of — 

Itl + -L + ±.iE±±±i±i_l»ml„, 
2 5 10 zo 20 20 

and their combined resistance in parallel 



Q. 2. Two mains are carrying current for a group of twenty 
lamps ; each lamp has a resistance when incandescent (white hot) 
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of i6o ohms, and they are all joined in parallel. What is the 
resistance between the two mains? 

Here all the resistances being of equal value, the total resistance 
is j'o that of one of thenti or Vir = ^ ohms. Or working out as 
' before — 



Conductivity 

and resistance = ^ = ^^ = 8 ohms. 



60 160 160 160 

60 



Q. 3. Suppose these mains to be at a p.d. of 100 volts, wliat 

current will be flowing through them ? 

Ohm's law says c = - 
' R 

Therefore c = -^= 12.5 amperes. 

If we have only to deal with two wires in parallel, it will be 
easier and quicker to remember that the product of the two 
resistances divided by their sum gives the resistance of the two in 
parallel. 

Q. 4. Two wires of 5 ohms and ao ohms are in parallel. 
What is their combined resistance? 

product S " *o 100 I 

« -- ruS- - fF^ - ;j -■• *""■ 

Working by our first method we have — 

Conductivity = - + — = — 
■< g 20 2o 

ResistaiKe => — = — = 4 ohms. 
50 5 

If we have more than two wires in parallel the result could 
still be obtained by this second method, but it involves more 
time in comparison with the first method. 

Q. g. Three wires of 5, 10, and 20 ohms respectively are joined 
up in parallel. What is the resistance of the combination ? 

Take the 5 and the 10 ohms first. The resistance of these 

two in parallel = 2 — - =§- =3.33 ohms. That is to say, a wire 

of 3.33 ohms could take the place of the g and 10 ohm wires in 
parallel. Next take this equivalent resistance and the 30 ohms 
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The resistance of these in parallel 
_ 3-3 3 x'° - 66.6 
3.33 + ao 23.33 
Or, 2,85 ohms is equivalent to the 5, 10, and ao ohms in parallel. 
By the first method — 

Conductivity = i^ + — + - = '*"*'''''' = X 

5 10 20 20 20 

Resistance = — = ^ = 2.85 ohms. 

ST 7 

Nearly all circuits will be found to have a certain amount of 

resistance in series with the paralleled conductors. Thus in Fig. 9 

we have a dynamo producing an e.m.f. of 100 volts. It is joined 

to a resistance a of 2 ohms, and to a resistance d of 3 ohms. The 




Fig. 9. 

ends of a and b are joined to three wires in parallel, c= 100 ohms, 
d='2oo ohms, and e'=3oo ohms, while the resistance of the 
dynamo itself = .01 ohm. What is the current flowing through 
the dynamo ? 

Ohm's law again helps us : c =■ - 

Therefore 



+ 3 + .oi+(i:, rf, and < in parallel) 
But c, d, and e in parallel 




Tiro ""■Sim ■•'sini 

Therefore € = - = -^^^ = 1.670 amperes. 
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Q. 6. What is the p.d. spent on the dynamo, on a, on i, and 
on the three wires in parallel? 
p.d. spent on dynamo = resistance of dynamo x C 
.: spent on dynamo =.oi x i,679 = .or68 volts, 
p.d. spent on d ~ resistance o( axe through a. 

.: spent ana =2 x 1.679 = 3.358 volts. 

p.d. spent on ^ = resistance of ^ x c through 6. 

.: spent on 6 ="3x 1-679= S-^S? volts, 

p.d. spent on c, d, and e = resistance o(e, d, exc through c, d, e. 
.'. spent on <, d, and ^ = 54.545 x 1.679 = 91.581 volts. 
If we total up the e.m.r.'s on the different parts of the circuit 
we find — 

e.m.f. spent on dynamo= .0168 voUs. 
e.m.f. spent on o = 3-35^ « 

e.m.r. spent on ^ = 5.037 „ 

e.m.f. spent on f, (/, e =91.581 „ 
Total 99.9928 „ 
A^ft.— The very small difference between this total and the 
100 volts given by the dynamo is due to the decimal places not 
being worked out completely. The student should notice, how- 
ever, that the difference is exceedingly small, only j^jfn volt, and 
in all such cases it is almost absurd to talk of the difference, for 
it requires careful measurement with sensitive instruments to 
measure such a difference 

Q. What is the value of the current flowing in e, d, and e 
respectively ? 

_, . - e.m.f. on ends of c 

The current m t= ^ ;; — 

resistance of c 

Therefore current ini^- ^''^ ' =.916 ampere. 

™™_ ... e.m.f. on ends of d 

The current ind= ^ — ■■■ ■ v ■■ , - 

resistance of a 

Therefore current in rf = ° "^ = .458 ampere. 

_, . . em-f. on ends of e 

The current m e = ; = 

resistance of e 

Therefore current me = i^ — "-SoS ampere. 
300 
Total current in the three 

-.916 + .458 + .305= 1.679 amperes. 
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We here notice that the wires c, d, and e have resistances in 
the ratio of i : 3 : 3, and the same p.d. is applied to the ends of 
all, therefore by Ohm's law the currents being inversely pro- 
portional to the resistances should be in the ratio of t : | : ^, 
which we find to be the case. 

Q. 7. A battery of 53 cells gives an e.m.f. of 106 volts, and 
has a resistance of .005 ohm. It is joined to mains having a 
resistance of .3 ohm. At the further end of the mains 50 
similar lamps are joined across in parallel. The ammeter indicates 
a current flowing in the mains of 30 amperes, (i.) What is the 
total resistance of the circuit? (2.) What is the resistance from 
one main to the other? And (3.) What is the resistance offered 
by each lamp ? 

By Ohm's law — 

total e.m.f. in circuit 



This 3.533 ohms is made up of — 

Resistance of battery = .005 ohm. 
Resistance of mains = .a „ 
Resistance of 50 lamps in parallel = x „ 
Therefore j: = 3.533 - .205 = 3-3*8 „ 

The resistance of the 50 lamps in parallel being equal to 
3.J28 ohms, I lamp would have a resistance of 50 times 3.3*8 
ohms, seeing that they have all the same resistance, for we have 
already seen that the resistance of say 50 similar resistances in 
pamllel is equal to ^^ that of one of them. 

Therefore the resistance of i lamp = 50 x 3.318=166.4 ohms. 

Q. What is the p.d. on the ends of the lamps in the last 
problem, and what is the voltage spent on the mains and on 
the battery in getting the current through them ? 

Again by Ohm's law — 

p.d. on lamps = current through the lamps x resistance on the 
lamps. 

Therefore p.d. on lamps = 30 x 3.328 = 99.84 volts. 

It should be noticed that it does not matter whether we take 
the lamps collectively or singly in working the problem, but if we 
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take a single lamp we must remember that the p.d on the ends of 
a single lamp (which is the same as on all the lamps) is equal to 
the current flowing through the single tamp multiplied by the 
resistance of the single lamp. These lamps being similar, the 
current through i lamp is equal to ^ of the total current, or 
IS = .6 ampere. 

Therefore p.d. on the ends of i lamp = .6 x 166.4 = 99-^4 volts. 

Again, the p.d. spent on the mains = current in mains x re- 
sistance of mains = 30 x . z = 6 volts. 

And the p.d. spent on the battery is = current through the 
battery x resistance of the battery. 

Therefore p.d. spent on the battery = 30 x. 005 = .15 volt. 

It was pointed out previously that the resistance of any 

conductor R is equal to — "" x specific resistance. Now by 

sec. area 
Ohm's law the voltage drop on a conductor is equal to current 
flowing through it x resistance of it. Therefore the voltage drop 



/ 
Vsec. area ' 



sp. res. 



For any given material the specific resistance is constant, 
and in that case the voltage drop is proportional to the current 

X s — . Again, for any given length of the same material, 

the voltage drop is proportional to the current x or to 



area. This last statement is known as the current density, and 
therefore in considering the voltage drop in copper mains we say 
voltage drop per yard (or per foot, or per mile, whichever is most 
convenient) is proportional to the current density. 

A very common current density for mains and wiring is 1,000 
amperes per square inch. Let us see what is the voltage drop per 
yard at this current density — 



vdrop = c ( 



,sec. area 



X sp. res. 1 



In this case it will not do to use the value for specific resistance 
given in the table of specific resistances, unless we convert the 



D„l,:.cbyG0C>^lc 



S£Ii/£S AND PARALLEL CIRCUITS. 39 

yard length to centimetres and the seclional area of 1 sq. in. to 
square centimetres. In this case, as in many others, it is more 
convenient to change the specific resistance to that of i cub. in. 
This is equal to ,66 microhm or .00000066 ohm. If this value 
be taken for the specific resistance, then the length (i yd.) must 
be expressed in inches, and the sectional area in square inches. 

Therefore v drop = rooo ("^ x ,00000066) = 36000 x .00000066 
= .02376 volt per yard. 

This is the voltage that would he spent on a single length of 
cable r yd. long at 1,000 amperes per square inch. But cables 
generally run in pairs, for we must make arrangements for bring- 
ing the current back as well as taking it from the dynamo, Le., 
we must have a complete circuit. Therefore in a pair of mains 
we have .02376X 2 = . 0475 voh drop per yard at 1,000 amperes 
per square inch. At any other current density the change in voltage 
drop will be in proportion to the change in the current density. 

It must be properly realised that the current density depends 
on both the current and the sectional area. The cable may be 
small in sectional area, but if the current is also small, the cur- 
rent density will not be large. Thus current = 2,000 amperes, 
sectional area of mains =2 sq. in., current density = 1,000 amperes 
per square inch. Again, current = 2 amperes, sectional area of 
wire = .002 sq. in., cunent density = i,ooo amperes per square 
inch, and we should get exactly the same voltage fall per yard in 
the two cases. 

Q. I. A pair of mains are required to carry 250 amperes to 
a building 50 yds, away. The maximum allowable voltage fall 
= 2 volts. What must be the sectional area of the mains ? 

At 1,000 amperes per square inch the voltage fall would be 
equal to ,0475 X 50= 2.375 volts. Therefore we cannot run (hem 
at so high a current density as this. What, then, must be the cur- 
rent density 7 We have seen that the voltage fall is proportional 
to the current density. 

Therefore 2.375 ^"''s : 3 volts : : 1000 amps. sq. in. : x amps, 
sq. in. 

Therefore x amperes per square inch = i^2? — ? = 842. 

At a current density of 842 amperes per square inch we shall 
have z volls fall on the 50 yds. 
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sec area 

Therefore sec. area '^"''^^"^ ■ 

current density 

Therefore sec. area =^ = .29sq. in. 

Q. 3. A supply station is too yds. from a certain feeding point 
Vol tnge of supply = 100 volts. Find the size of the feeders required 
to supply 125 amperes, 105 volts being maintained at the station 
end. Here voltage fall allowable = 5 volts, and at 1,000 amperes 
per square inch voltage fall = .o475 x 100 = 4.75 *'ol's. 

Therefore 4.75 volts : 5 volts ; : 1000 amps. sq. in. : a- amps, 
sq. in. 

Therefore j: amperes per square inch= 5 « 1052. 

4-75 
But current to be delivered = 1 25 amperes. 

Therefore sectional area = — 5. = . 1 1 8 sq. in. 
1052 

Q. 3. Find the diameter of ihe copper required. 

Sectional area = diameter^ x - 
4 
Sectional area^diameter^x .7854. 

„,, , ... , >, sec, area .118 
Therefore (diameter)" = - - =— -— =.1502, 
.7854 .7854 

Therefore diameter= ^.1502 = . 38 in. 

or a little more than \ in. 

Q, 4. In a water-power plant, the dynamo which produces a 
fixed p.d. between its terminals of 120 volts is 300 yds, away from 
the house. The usual load consists of 200, 100 volt 35 watt 
glow-lamps. What size leads should be employed if the resist- 
ance of I cub. in. of copper be .66 microhm ? (C. and G. Electric 
Light and Tower Kxamination, 1897.) 

The volts spent on the leads = current through the leads x 
resistance of the leads, or f, = c, x r,. 

The voltage lost on the leads = 20 volts, and the usual load = 
7,000 watts, which at 100 volts gives us the current= 70 amperes. 

Therefore zo volts= 70 x - x sp, res. 
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The length of the mains (go and return) = 600 yds. 

The sjiecific resistance is given as the resistance of i in. length 
1 sq. in. sectional area, and therefore the length of the mains 
must be stated in inches. We then get the sectional area in square 
inches. 



Therefore sec. area= - — — —^^ - = 



■OS sq. 1 



Q. 5. Current is required along a street 2,000 i\. long at the rate 
of I ampere per 10 ft. of frontage. Give sectional area of con- 
ductor, so that the ditTerence of pressure between any two lamps 
shall not exceed i voUs in the following two cases: — 

(a.) The current being supplied at one end. 

(i.) The current being supplied midway. 

[A^^. — The resistance of a copper bar 1,000 ft. long and 
I sq. in. in cross section may be taken at .008 ohm.] (C. and G, 
Electric Light and Power Examination.) 

ase {.j).— 



f 



- 3.ooof^ - 



Current in feeders = -"}[- = zoo amperes, but this current falls 
off at the rate of i ampere per 10 ft. Therefore the mean cur- 
rent in the mains = ^§2= 100 amperes. The allowable voltage 
fall on the mains = current in mains x resistance of mains. 

'ITierefore 2 volts = 1 00 x - x sp. res. 

The specific resistance is given as the resistance of 1,000 ft, 
I sq. in. in section, therefore if wc put in the value given our 
length of mains must be in 1,000 fi. The total lengtii of con- 
ductor (go and return) ^ 4,000 ft. 

Therefore 2 = 100 x ^ x .088. 
J 

Therefore sec. area= — ^ — '- — = 1.6 sq. in. 
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Case (^). Current supplied midway — 



■A\-> 



Ojtj_ 



Here the current divides into two halves, loo amperes on each 
side. The maximum variation in voltage will be between a lamp 
at the end and one at the feeding point. The mean current in 
this half length = 50 amperes, and again E = cxit, therefore % 
volts = 50 X - X sp. res. The length has now been reduced to half 
its former value — 2,000 ft. for go and return. 
Therefore 2 = go x - x .008. 
Therefore sec area = 5oxgxoo8 = ,, ^^ ;„, 

Q. 6. A point in a distributing network of conductors is fed 
by a pair of feeders from a generating station 600 yds. distant. 
On turning on a motor which allows 25 amperes to flow on the 
first contact, the pressure at the ends of the feeders falls 5 volts. 

(a.) What is the resistance of tlie feeders 7 

(b.) What is their cross section? 

The resistance of a cubic inch of copper may be taken as 
0.66 microhm. (C, and G. Examination in Electric Light and 
Power, 1900.) 

(a.) The resistance of the feeders by Ohm's law = voltage fall 
in the feeders ■;- current flowing in the feeders = j''j = . 2 ohm. 

(i.) The resistance of the feeders 

_ length (go and return) ^ 

sec. area 

Ti. c 1200X 36 .66 

Therefore .2 = =- x — -. 

sec. area 10 

~. c r200xi6x.66 

Therefore sec. area = ^ — j— -^.0124 sq. m. 

Q. 7. In a street, a pair of mains each .2 sq. in. in section 
(.12 ohm per 1,000 yds.). Demand at the rate of one 30 watt, 
100 volt lamp per yard. Give the distance between the feeding 



X sp. res. 
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points so that the roaidmuin variation of pressure between any 
two consumers shall not exceed 3 volts. (C. and G. Electric 
Light and Power Examination.) 



The maximum variation in pressure will be between one feed- 
ing point and a point half-way between the feeding points. Call 
this distance x yards. 

Then 3 volts allowable fall = c x r = c x - x sp. res. 

The current for i lamp = ,3 ampere, and we have this current 
per yard. Therefore maximum current = .yc ampere. But this 
falls olT as we go along at a uniform rate, therefore the mean 
current = -^ amperes. The length of the mains = tx yds. 

Therefore 3 volts fall = :^ x H x sp. res. 

As we have taken our length in yards and sectional area in 
square inches, the specific resistance must be in yards and square 
inches. The question states that the mains 1,000 yds, long .2 
sq. in. section has a resistance of .12 ohm, therefore i yd. would 
have a resistance of .00012 ohm, and if this were i sq. in. in 
section instead of .2 sq. in., it would have a resistance of .000034 
ohm. 

Therefore 3 = — x — x .000034. 

™« , IX 2 X.2 1.2 

Therefore .xx x 2jc= ■^ = = eoooo. 

.000014 .000024 

Therefore A:^ = 50000, therefore jr* = 5£££? = 83333, 

Therefore x = ^^3333 = »88 yds. 

Therefore distance between feeding points = 288 x a = 576 yds. 
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CHAPTER IV. 

THE HEATING EFFECT OF THE ELECTRIC 
CURRENT. 

In Ihe last chapter we considered the power expended in different 
parts of the circuit, and the work done at all points was seen to be 
transformed into heat. We only get work done by the current or 
energy stored when there exists in the circuit a back e.m.f., such 
as that produced by a motor when at work or by a battery of 
accumulators when being charged. The current in this case = 

c = — — where E is the e.m.f. urging the current through the 
circuit, and t is the back e.m.f. established by ihe motor or cells. 
In such cases the current may be small, even though the e.m.f. is 
high and the resistance low, and if the back e.m.f. is equal to the 
forward or impressed e.m.f., there will be no current at all. 

When a back e.m.f. is developed in the circuit c = , 

therefore E=CB + ff. Tlie power is in every case = Exc, and 
therefore ec = (CR + e)c = C*R fei". c'r is energy transformed into 
heat, and ec is power transformed into mechanical work or stored 
up. The maximum amount of power is so transformed or stored 
when the back e.m.f. =f is equal to half the impressed e.m.f, that 
is to say, when the current flowing is half the maximum current 
that could flow in the circuit but for the presence of the back e.m.f. 

There is a relation between the work done in a circuit and 
the heat produced, which was first determined by Joule. This 
relation is such that if 780 foot pounds of work are done, a quan- 
tity of heat is developed sufficient to raise i lb. of water x" F. 
This is known as the British heat unit, and the relation between 
the two is called Joule's equivalent. 

In electrical work we use neither the British heat unit nor the 
foot-pound, but instead the heat that would raise 1 gram of water 
1° C. for the heat unit, known as the "calorie," and the joule 
( = -7373 fool-pound) for the unit of work. 
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It therefore becomes necessary to translate Joule's equivalent 
to the units employed in electrical engineering. 

There are 453 grams in 1 lb., and 1° C. is = § of i' F, 
Therefore i calorie = jigx J of i B.H.U, 

„ „ =55'ify of 780 foot-pounds. 

„ „ =3' I foot-pounds. 

But foot-pounds -T- .7373 = joules. 



Therefore = -^ — = 4. 2 joules = 1 calorie, 
■7373 

But c'r^ is also a measure of joules, and therefore 



c'r/_ 



calories, or, what comes to the same thing, calories =c*r/x .24. 




R - 20 Ohms 



This tells us that the heat produced at different parts of a 
circuit in any given time will be proportional to the resistance if 
the current be the same at all parts ; and also, if we alter the 
current through any given resistance, the quantity of heat developed 
in ^ny given time will vary as the square of the current. Let us 
look into this a little closer, for it is of the utmost importance in 
electrical engineering, and often leads to disastrous and even fatal 
results when ignored or not properly understood. 

Take a simple circuit again consisting of a dynamo or battery, 
and a long length of platinum wire, with short copper wires of the 
same diameter joining the ends of the platinum wire to the 
dynamo, as represented in Fig. 10. We will suppose the dynamo 
to be generating an e.m.f. of 100 volts, and the resistance of the 
platinum wire to be 10 ohms. 
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We have already seen that the resistance of this wire will be 
proportional to its length, so that half the length will have a resist- 
ance of lo ohms, quarter the length a resistance of 5 ohms, &C. 

When we complete the circuit, a current flows, the strength of 
□ volts 



which will be practically equal to - 



> ohms 



= 5 amperes. If, after 



it has been flowing for a minute or so, we touch the wire, we shall 
find it warm, while the copper wires leading the same current to 
and from the platinum wire are still cold. 

Suppose we now take out of the circuit half the length of the 
platinum wire, and again touch both the platinum and copper 




after the current has been passing for a short time, we shall 
find the platinum much hotter, perhaps too hot to touch, while 
the copper wires are now warm. Lastly, suppose we use only 
quarter the original length of platinum wire, we may find this red 
hot, and the copper wires getting decidedly hot, and if we further 
diminished the length of the platinum wire in the circuit we 
should see it get brighter and brighter till it finally melted. 

Let us see what this means. When we use half the length of 
platinum wire we have a current flowing of practically twice the 
original value and this gives us more heat in the remaining half 
of the platinum wire, and when we reduce the length to quarter its 
origmal value we have four times the original strength of current, 
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and we got a still further increase in the quantity of heat developed 
in the remaining length of wire. That is to say, the heat developed 
in unit length of the conductor (say i cm. length) depends on the 
current flowing through it, there being not nearly so much heat 
developed in unit length of the copper wires as in the platinum, 
although they both have the same diameter and the same current 
flowing in them, is due to the difierent specific resistance of 
copper and platinum. This can be further experimentally proved 
by arranging any number, say three, diFTerent resistances in series 
(Fig. ,1). 

Let A= 15 ohms, b = 3o ohms, and c= 10 ohms. Place each 
resistance in a vessel containing an equal volume of paraffin oil. 
When the resistances get hot, due to the passage of a current 
through them, they will transmit the heat to the paraffin oil, and 
by means of a thermometer we can then tell the mean rise in 
temperature per minute of the paraffin oil in each vessel after the 
current has been flowing for say five minutes, which will be pro- 
portional to the quantity of heat developed in each. Here the 
current is the same in a, b, and c, and consequently if there be 
any difference of temperature between a, b, and c, it cannot be 
due to the current being different, but must be due to the different 
resistance in a, b, and C. Now after the experiment (during which 
time we have kept the paraffin oil slightly agitated) we shall Und 
that the thermometer in b has risen twice as much as the ther- 
mometer in A and three limes as much as that in c in the same 
time, which is also the proportion of the resistances, for B has 
twice the resistance of a and three times the resistance of c. This 
again proves that when the same current goes through different 
resistances, the heat developed in them in a given time is exactly 
proportional to their resistance. The same apparatus will serve 
to show how the quantity of heat developed varies when we vary 
the strength of the current. 

Suppose we keep the resistances the same as before, and 
imagine the cunent to be reduced to half its former value by 
halving the e.m.f. in the circuit. If now we repeal the experiment 
with this reduced current, we shall find that in each vessel the 
temperature has risen not to half but only to quarter its former 
value in the same lime, which shows us that by reducing 
the current in any conductor to half its former value we only 
raise its temperature in a given time to quarter of what it was 
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previously. That is to say, the quantity of heat developed in any 
conductor is not proportional to the current, but to the square of 
the current. 

We should now be able to understand our experiment with the 
platinum wire better. When we halved the length of the wire 
we also halved its resistance, and practically doubled the cuirent 
flowing through it, and we have just seen that if we double the 
current we get four times the quantity of heat developed in those 
conductors which carry the doubled current ; but if we alter the 
resistance while the current remains the same we alter the 
quantity of heat developed in the same proportion, therefore 
when we halved the resistance of the wire and doubled the current 
flowing through it we should get half the quantity of heat due to 
the resistance being halved, and four times the quantity of heat 
due to the current in it being doubled. 

Therefore the quantity of heat developed in it in a given time 
would be J + 4 = 1 times as much as in the whole length previously. 
When we take quarter the length of platinum wire we have 
quarter the heating effect due to the resistance being reduced to 
quarter the former resistance, but the current being practically 
four times greater, the heating effect due to this will be 4^=16 
times as great, therefore the nett result will be i + 4' = i^ 16 = 4 
times the quantity of heat developed in the same time as was 
produced in the whole length of wire originally. Of course the 
student only needs to be told that the heating effect or the quantity 
of heat developed is proportional to the time the current is flowing, 
for it is self-evident that if the current produces a certain quantity 
of heat in one minute, it would produce just twice that quantity in 
two minutes if it remains of constant strength. 

Q_. \. It is proposed to double the e.m.f. in a circuit while 
everything else remains unaltered. What will be the alteration in 
the quantity of heat developed in a given time ? 

If we double the e.m.f. while the resistance remains constant, 
the current will also be doubled, and the quantity of heat de- 
veloped in a given time is proportional to the square of the 
cunent and to the resistance. Therefore heat developed will be 
four times as great as before. 

Q. 2. It is found desirable to double the resistance of a 
circuit, and as the current flowing through it must be of the same 
value as before, the e.m.f. has also to be doubled. Will there be 
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any difference in the total quantity of heat developed in a given 
time in {>) the nhole circuit, and (3) in the original resistances? 

The quantity of heat developed in any conductor in a given 
time is proportional to c^k. 

Therefore in case (i), as the current is still the same, but the 
resistance is doubled, the heat developed in a given time in the 
whole circuit will be doubled. 

In case (3), the current is still the same in the original 
resistances, therefore the quantity of heat developed in them in a 
given time remains unaltered. 

Q. 3. If the resistance of the circuit in Q. 2 had been halved, 
and the e.m.f. also halved, what would have been the change in 
the quantity of heat developed in the whole circuit in a given 
time? 

Here, both the resistance and the e.m.f. being halved, the 
current remains constant in strength, and therefore the quantity 
of heat developed in a given time would be directly proportional 
to the resistance. That is to say, the resistance being halved, the 
total quantity of heat developed ')n a given time would also be 
halved. 

Q. 4. If we halve the e.m.f. in a circuit, and at the same 
time double its resistance, what will be the difference in the total 
quantity of heat developed in a given time ? 

If we have half the e.m.f, and double the resistance in a 
circuit we shall have only quarter the original current Howing. 

The quantity of heat developed in a given time is proportional 
to c'r, or in this case proportional to j* x 2 = ^ x z = ^ its former 
value. 

Q. 5. If we double the e.m.f. and at the same time halve the 
resistance of a given circuit, what alteration will be made in the 
quantity of heat developed per minute in the circuit? 

If we double the e.m.f. and halve the resistance we get four 
times the current flowing on it, and the heat developed per minute 
is propMtional to C*R, or to 4*xJ = i6xJ = 8 times its former 
value. 

These examples are given so that the student may become 
familiar with the way any proposed change in a circuit will affect 
the quantity of heat produced in it, for this is often a very im- 
portant consideration. 

It will be noticed that up to the present we have spoken of 
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the qManHiy of heat, but this does not tell us anything about the 
temperature to which the conductois will be raised. The quantity 
of heat is an altogether diflerent idea to the temperature. For 
example, a kettle of boiling water contains a fairly lai^ quantity 
of heat, but its temperature is comparatively low, viz., loo* C. or 
313* F., whereas the quantity of heat in a red-hot pin is exceed- 
ingly small, much smaller than that contained in the kettle of 
boiling water, for if the red-hot pin and the kettle of boiling water 
were to be each thrown into separate equal volumes of ice-cold 
water, the quantity of heat in the pin would have practically no 
effect in raising the temperature of the water, while the kettle of 
boiling water may raise the temperature of the ice-cold water into 
which it is placed through several degrees, The temperature of 
the pin, however, is far higher than that of the boiling water, 
perhaps seven or eight times as high. The reason why the pin 
has attained such a high temperature with so small a quantity of 
heat is that it contains a very small amount of material Had the 
pin been twice as thick or twice as long, it would have required 
twice the quantity of heat to raise it to a red heat 

Suppose we continue to supply beat to the pin at a definite 
rate, by holding it in a gas flame for instance, we notice that it 
soon arrives at a fixed temperature, apparently getting no hotter 
though we still continue to supply it with heat. This is due to 
the fact that heat always radiates from a hot body to the colder 
surrounding objects ; also cold air coming into contact with the 
hot body gels heated, and thus becoming lighter, moves upward, 
carrying away some of the heat and making room for more cold 
air ; and again, some of the heat possessed by the hot body will 
travel down its support and warm that, for heat always travels 
from the higher to the lower temperature, just as water always 
flows from the higher to the lower level, and electricity from the 
higher to the lower potential. 

Now these heat losses go on at a greater rate the greater the 
difference of temperature, and therefore as we continue giving 
heat to the pin we are raising its temperature above that of the 
surrounding objects, and consequently it begins to lose heat more 
and more rapidly as the temperature rises, till a time comes when 
It loses heat as rapidly as it is receiving it, and it then remains at 
a fixed temperature. 

If we imagine the pin to be enclosed in a box while heat 



D.q,t,:scbyG0C>^lc 



HEATING EFFECT OF ELECTRIC CURRENT. 51 

is continuously supplied to it as before, the pin would be raised 
to a higher temperature, for the box, receiving heat from the pin 
in the ways described, would itself rise in temperatuie also, and 
therefore the difference in temperature between the pin and the 
surrounding objects (the box) would be less, and as the rate at 
which the pin loses heat depends upon the difference of tempera- 
ture, it follows that the pin would be raised to a higher temperature 
before it b^an to lose heat as fast as it received it. 

We thus see that there are a number of things to be con- 
sidered before we can say what temperature a body will reach, 
even when we know the exact quantity of heat being supplied 
per second. 

Let us take one of the small incandescent electric lamps that 
we are all now fomitiar with. The conducting thread or filament, 
as it is called, is made of carbon, and usually has a fairly high 
resistance. Suppose we join one of these lamps to mains that are 
being maintained at a fixed difference of potential, say 100 volts. 
Then a current will flow through this filament, and the current 
will create in it a certain definite quantity of heat per second 
proportional to c*r. This heat will raise its temperature to a 
point where the heat lost by the filament per second, in the ways 
spoken of above, will be just equal to the heat supplied per second. 
If this fixed tempterature is reached when the filament is at a dull 
red heat, it would be of no use as far as its light-giving properties 
are concerned. The question now occurs, could we use a filament 
that would be raised in temperature to a white heat with the same 
expenditure of power. Let us see. If we are to keep the expendi- 
ture of power unaltered, then we must not alter the product of the 
e.m.f. and the current ; and as in many cases we cannot alter the 
e.m.r. in the circuit, this means that we could not alter the resist- 
ance of the filament either. 

But we have seen that the resistance of a conductor is pro- 
portional to its length and inversely proportional to its sectional 
area, and thererorc if we double its length and also double its 
sectional area the resistance of the conductor will be unaltered, 
for though we double its resistance by doubling its length we 
halve it again by doubting its sectional area. Or, if we halve its 
length and also halve its sectional area we still keep it of the same 
resistance, for in halving its length we halve its resistance, but in 
halving its sectional area we again double it. 
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Suppose we do this latter with the lamp filament, viz., 
halve its length and its sectional area, then we see that the same 
current will flow through it under the same e.m.f., for the resist- 
ance is unaltered, and we should therefore get the same quantity 
of heat developed in it per second ; but this same quantity of heat 
has to raise the temperature of only quarter the amount of material 
as formally, consequently the temperature will rise very consider- 
ably, probably to the required white heat 

Q. I. What would have been the result in the above case if 
we had kept the resistance constant by doubling its length and 
sectional area 1 

The quantity of heat per second would have been the same, 
but this being put into four times the quantity of material, would 
have made its temperature much lower than before. 

Q_. 2. If we intended the lamp in Q. i to be used on a circuit 
maintained at 200 volts instead of 100 volts, and still get the 
same light with the same expenditure of power, in what way would' 
the filament have to be altered 7 

If on a 200 volt circuit we require the same expenditure of 
power, then because we have doubled the e.m.f. we must halve 
the current, but to get half the current with twice the e.m.f. we 
must make the resistance four times its former value. The quantity 
of heat per second will then be unaltered, for being proportional 
to C*R, it is proportional to J' x 4= i, its former value. 

We see then that the resistance of the fila.ment has to be four 
times as great. We could get this by making the filament four 
times as long ; but if we did, we should have the same quantity of 
heat being put into four times the amount of material, and con- 
sequently its temperature would be practically reduced to quarter 
the previous temperature. But wc can also make the resistance 
of the filament four times its former value by making it twice the 
length and half the sectional area. We would then have practically 
the same filament, for what we take from its thickness we add on 
to its length, and the same quantity of heat being put into the 
same quantity of material will raise its temperature to the same 
degree. 

The heating effect of the electric current is now used to a 
certain extent for warming and cooking. It has many advant^es 
over ordinary fires, being cleaner, and always ready for use at a 
moment's notice ; the heat can also be regulated easily and quickly. 
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The wanning apparatus or radiators often consist of a metallic 
support with small porcelain insulatus arranged in a row top and 
bottom, and coils of iron wire (like spiral springs) supported by the 
insulators and connected in series. The resistances are so chosen 
that they can be joined straight on to the electric light mains, 
and an arrangement is made whereby part of the resistance may 
be cut out of the circuit. The more resistance cut out, the 
greater is the quantity trf heat developed per minute. Suppose 
half the resistance be cut out, then, because the e.m.f. remains 
constant, the current will be doubled, and the quantity of heat 
developed in a given time would be equal to 3*x| = twice its 
former value. 

In cooking apparatus the resistances are often formed of wire 
having a high specific resistance, so as to get a fairly high re- 
sistance in a small space. The resistance wire is in many cases 
arranged in a close zig-zag form along the bottom and sides of 
the apparatus, and insulated by embedding it in an enamel which 
on baking becomes quite hard. False bottoms and sides are 
then put on to prevent loss of heat as much as possible, and to 
protect the insulated wire. The amount of resistance can be 
adjusted in the larger pieces of apparatus, such as ovens, while 
the smaller kinds, kettles and the like, have a fixed resistance. 
The time taken to cook depends on the power we employ, for, as 
we have seen, the quantity of heat produced depends on the work 
done, and work done is =< power x time. As an example let us 
take an electrically heated kettle, having a resistance of lo ohms, 
joined to mains at loo volts. How long will it take to boil a 
pint of water, supposing all the heat developed be given to the 
water? 

In all probability the water at the commencement will be at 
a temperature somewhere about 15* C. If we take this for the 
starting temperature, then we have to raise i pint" 1^ lbs. of water 
through 100° -15' = 85° C. 

The number of calories required will therefore be (453 x 1.25) 
X 85, for the calorie is the heat required to raise i gram of 
water i* C, but we have 1.35 lbs. of water which is equal to 
4S3 ** '-'S S'^ms, and we require to raise the water 85*. 

Nowcalories = c«R/.a4.and therefore /= _ ^'Q"^ 

C^RX.34 
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This is the time in seconds. If we wish it to be in minutes we 
must divide by 60, or — 

Time in minutes = 



(^R X .34 X 60 

453'"-2S'<85 



It would really take a longer time than this, because there are 
certain unavoidable losses of heat due to radiation, &a 

The heat developed in the electric arc lamp raises the 
temperature of the carbon in the crater to an exceedingly high 
value, if not the highest known on the earth. This high tem- 
perature is now utilised in what are known as electric furnaces 
for the production of aluminium, carborundum, calcium carbide, 
and other substances which are only formed at a very high 
temperature. 
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CHAPTER V. 

THE MAGNETIC EFFECT OF AN ELECTRIC 
CURRENT. 

An electric current produces another effect not quite so apparent 
as the heating effect described in the last chapter, but one which 
is equally as important, if not considerably more so. 

When we take the current-carrying wire in our hands, and 
examine it carefully, We do not detect anything particularly un- 
common about it, except that it may perhaps be warm, that 
depending, as we have seen, on the value of c^. But if we place 
the wire in some fine iron filings and then withdraw it, we find 
the wire covered with the filings, as though they were slicking to 
it. When we stop the current the filings immediately fall off, and 
on trying ag^n, with no current flowing, we find the iron filings 
will not stick to the wire. We are therefore at once led to the 
conclusion that the wire, when carrying an electric current, is in 
some way different to what it is when not carrying a current, and 
not only that, but the space round it appears to be influenced by 
the passage of a current through it. 

Let us examine more closely into it. If we take a sheet 
of cardboard and make a hole in its centre, threading our con- 
ductor through it so that it stands perpendicular to the cardboard 
for a shOTt distance above and below it (the cardboard standing 
horizontally on two blocks of wood), and then sprinkle fine iron 
filings through a sifter evenly but sparingly all over the cardboard, 
we find that the filings set themselves in no definite order when 
no current is flowing, but when we send a fairly strong current 
through the conductor, and, while it flows, gently tap the card- 
board so as to allow the filings freedom to move, we find tbem 
arranging th^nselves very definitely into circles round the con- 
ductor. This arrangement of the filings is very marked, and we 
can see evidence of it at some little distance from the conductor. 
If we increase the strength of the current, we notice on tapping 
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the cardboard that the filings have a tendency to be drawn closer 
to the conductor, while evidence of the circular arrangement of 
the filings can be detected at a greater distance than berore. 

Fig. ] 2 is a digram of what would be seen looking down on 
the cardboard. 

If we move the wire up or down, so as to bring other parts of 
it into the plane of the cardboard, and repeat the experiment, we 
find exactly the same result, so that evidently this peculiar effect 
extends round all parts of a conductor while it is carrying a 
current. In fact, the conductor appears to be jacketed throughout 
its entire length by some specialised condition of the surrounding 




si>ace. To make this clear, imagine a circuit of small steam pi|>es, 
starting from a boiler, and going through various intricate paths 
to the exhaust. When a current of steam is passed through it, 
the space surrounding the conductor (pipes) will be in a specialised 
condition (heated). We need not touch the pipes to know that a 
current of steam is passing through them, for if we place our 
hands near to any part of the conductor we can feel that the space 
there is different to what it was when no steam was passing through 
the pipes, and this special stale of the surrounding space exists 
round every part of the steam-carrying conductor, including the 
boiler, where in all probability the effect is very much greater. If 
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we increase the current of steam through the pipes the effect is 
felt at a greater distance. 

In our electrical circuit we influence the space surrounding 
the current-carrying conductors, dynamo as well, not by heating it, 
but by magnetising it, and we have atieady seen that it exerts this 
inDuence in a circular direction, and that it apparently fades away 
as we go further from the conductor. 

Let us now brush away the iron filings, and arrange a number 
of small pocket compass needles round the wire, as shown in 
Fig- '3- 
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When we send a current through the conductor, we see them 
immediately set themselves as in Fig. 14, where all the north poles 
appear desirous of going round the conductor in one direction, 
and all the south poles in the opposite direction. 

This tells us a bit more. Not only is the space round the 
conductor magnetised, but it is magnetised in a certain definite 
direction. If we reverse the position of the wires joined to the 
dynamo or battery terminals, we find that the compass needles all 
point in exactly opposite directions to what they did prenousty, 
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as shown in Fig. 15. We therefore see that some difference is 
made by the way we join our conductors to the dynamo ; evidently 
by reversing the position of the wires on the dynamo terminals 
we have reversed the direction of the magnetised space or " field," 
as it is called, round the conductor. 

This shows us that we can speak of the direction of an electric 
current, and it also points out a method of identifying it at any 
time, for when a current ilows in a particular direction the north 
pole of a compass needle placed in the magnetic field created by 
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Fig. M. 



the current tends to travel round the conductor in a clockwise 
or anti-clockwise direction, according to the direction in which 
the current flows. 

IxKiking again at Fig. 14, we see that all the north poles of the 
compass needles are being ui^ed in a clockwise direction, as we 
view them, from the lop. In this case the current is said to be 
flowing away from us, or from the upper to the lower side of the 
cardboard. This direction can be easily remembered when we 
remember that it combines the double movement of a screw. If 
we wish to pass a screw down or through the cardboard in the 



. Ci>o^[c 



MAGNETIC EFFECT OF ELECTRIC CORSENT. 59 

same direction that the current is flowing, we must give it a clock- 
wise twist, which corresponds to the clockwise twisting of the 
north poles of the compass needles when the current flows down, 
whereas if we wish the screw to be moved up or out of the card- 
board we must twist it in an anti-clockwise direction, which again 
corresponds to the upward movement of the current and the 
anti-clockwise twisting of the north poles of the compass needles. 
This method of finding the direction of a current is very con- 
venient and helpful, though it is not the only method we have of 
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findit^ it, as we shall see. It follows that as a current of elec- 
tricity always flows from a higher to a lower potential, just as 
water always Rows from a higher to a lower level, we might state 
at once which of the two dynamo or battery terminals has the 
higher potential, by simply noticing the direction in which the 
north pole of a compass needle is urged when placed in the field. 
This is known as the positive or -1- terminal, and the other the 
negative or - terminal. 

It is often very important to know in which directicm the 
current is flowing round a circuit, and it is not often convenient 
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to arrange our compass needles just as indicated in Fig. 13. If 
instead of so doing we place a compass needle on the table, and 
notice in which direction it points, then place the conductor 
over it and along the length of the needle so as to hide it 
from our view, when we switch the current on we shall find the 
needle deflected in the endearour made by the north pole to go 
round the conductor in one direction and the south pole in the 
opposite direction, and we can then easily deduce the direction 
of the current. If, for instance, we put ourselves in line with the 
conductor, with the compass needle in front of us, and we notice 
that the north pole is urged to our left, we conclude that the north 
pole is trying to travel round the conductor in a clockwise direc- 
tion when viewed from the end nearest ourselves, and therefore 
the current must be flowing away from us, because in so doing it 
turns the north pole of the compass needle in the same direction 
that a screw would have to be turned in moving away from us. 

There is a very simple rule, and an exceedingly convenient one 
to apply in all such cases. If we stretch out the right hand, the 
thumb normally stands at right angles to the fingers. Now place 
the fingers on the conductor, pointing in the direction in which 
the current was found to be flowing, with the palm of the hand 
facing the compass needle, and it will be seen that the thumb 
points in the direction in which the north pole of the compass 
needle was urged. If therefore we wish to find the direction of 
the current, all we need do is to place a compass needle under 
the conductor and notice the direction in which the north pole is 
deflected, then stretch out the r^ht hand over the conductor with 
the fingers pointing along its length and the thumb pointing in 
the direction indicated by the north pole of the needle. The 
fingers are then pointing in the direction in which the current is 
flowing. A very little practice will soon enable the student to 
apply this with ease and certainty. 

This is known as the right-hand rule. It will be noticed that 
the left hand will not do, for when outstretched the thumb points 
in just the opposite direction to that of the right hand. 

If instead of threading the conductor only once through the 
cardboard as in Fig. la, we were to thread it through a number 
of times, say ten times, we should find the iron filings arranging 
themselves in exactly the same way as before, but the efliect would 
be ten times greater, providing the cunent remained of the same 
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strength, for, as we shall see further on, the magnetisation^vpro- 
duced in this way is |>roportional not only to the strength of the 
current but also to the number of turns of wire carrying the 
current, that is, to the current turns or ampere turns. 

Let us now take another sheet of cardboard, and make two 
holes in it about 3 or 4 in. apart, and after bending the con- 
ductor into n shape, pass the limbs through the holes. When 
we join this to our dynamo or battery a current will flow vp one 
limb and down the other, that is, in opposite directions in the two 
limbs. If we now sprinkle the cardboard with iron filings as 




Fig. 16. 



before, and get a view of what is happening in the space between 
the limbs, we find the filings arrange themselves as in Fig. 16. 

Here the filings do not embrace the two wires as they did with 
the ten wires, but the curves formed by the current in one wire 
appear to be pushing away those formed by the other wire, which 
causes them to become eccentric and practically straight lines 
for a short distance midway between the two wires. It will be 
noticed that the curved lines never cross one another, and also 
that they all appear to be closed curves or to form closed circuits. 

This repulsive action of the magnetism produced by the two 
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limbs or the conductor is reall3r tending to straighten out the con- 
ductor, though the forces are far too small to produce any such 
efTect. We would, however, get exactly the same result if we used 
two separate conductors carrying currents in opposite directions in 
place of the two limbs of the same conductor, and if we were to 
suspend these conductors by threads, so as to allow them freedom 
of movement, we should actually see the conductors repelling one 
another when we started the currents flowing in them. 

Just the reverse of this takes place when the current flows in 
the samt direction in two or more conductors. In the case of the 



Fig. 17. 

ten wires, the field due to the current in any one wire links itself 
on to that produced by the others so as to produce one lield ten 
times as strong as that of one wire, and in the endeavour made 
by the field to so link on, attraction takes place between the con- 
ductors. The ten wires, when carrying a current, are as it were 
magnetically sticking tc^ether, and if they were free to move, and 
we separated them a little, we should see them fly back and cling 
to one another. We sum this up in the statement that "con- 
ductors carrying currents in the same direction attract each other," 
and "conductors carrying currents in opposite directions repel 
each other," 
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Let us now squeeze the two limbs of the conductor closer 
together, and repeat the experiment with the iron filings. We 
shall notice that the eccentricity becomes more marked, while 
the arrangement of the filings cannot be detected at so great a 
distance. If we continue the experiment until the two limbs are 
nearly in contact, we shall scarcely detect any arrangement of the 
filings at all. Evidently all through the magnetic effect of the 
current in one limb has been opposed to that of the other limb, 
the one repelling the other, and limiting the distance of each field 
between the conductors, crowding the lines tc^ether at this part. 




Fig. 18. 



Now let us open out the limbs again, so that they stand at 
their original distance apart,and then thread the conductor through 
a second time, placing the two turns of wire side by side. 

We have now the same strength current as before, but we use 
it twice instead of once. On again obtaining a picture view of 
the magnetic field with the iron filings we see what is represented 
dia grammatically in Fig. 17. 

Here the fields of the two wires on either side appear to have 
linked themselves together, and' to be giving an cflTect double of 
that produced by one wire, with a proportionally longer straight 
part at the centre. 

Now imagine the wire to be threaded through a large number 
of times with all the turns placed side by side like a spiral 
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spring, as represented in Fig. i8. When the same current Sons 
through such a conductor, we notice that the filings appear to be 
straight inside the spiral Tor a certain proportion of its length, 
due to the magnetic field of all the conductors on either side 
linking on or running one into the Other, while the field produced 
by the conductors on one side is apparently pushing back that 
produced by the conductors on the opposite side. There is an 
evident crowding together of the lines inside the spiral and a 
spreading of the lines outside it. 

This spreading of the lines outside the coil is due to all the 
lines of force being self-repel lent, and therefore when they get 
out of the influence of the coil they repel one another on either 
side as far as possible. To get them crowded together, as they 
are represented inside the coil, we must expend a certain amount 
of energy in overcoming the self-repellent action of the lines of 
force. 

Each of the lines formed by the filings, if carefully traced, js 
found to complete a circuit If we start at any point on one of 
them and follow it carefully, we find that after taking some lengthy 
path outside the spiral it always returns through the spiral or coil 
to the starting point. I'herefore every line found outside the coil 
is also to be found inside it. 

If we twist the spiral round through any angle, boldir^ the 
cardboard fixed so as to bring another part of the coil into the 
plane of the cardboard, we find an exactly similar result at what- 
ever part we try. We therefore conclude that all the space inside 
and outside the spiral is subjected to this magnetic effect due to 
the current. The effect is somewhat similar to water flowing in a 
vertical hose pipe, which on reaching tlie top sprays out in all 
directions, hut in our magnetic circuit, after spraying at one end, 
they appear to collect together and pass in again at the other end. 
It will perhaps have been noticed that we have often spoken 
of the magnetism produced as the magnetic lines. The Mings 
set themselves into lines, but the reason for their so doing can 
be shown to be due to each filing being under magnetic attrac- 
tions and repulsions, which tend to bring them end to end in 
lines- 
It must rtot be imagined by the student that the magnetic 
condition of the space round the cortductor consists of a number 
of lines of force or stress with spaces between, as mapped out by 
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the filings, but rather as a continuous state of stress, getting 
weaker as we go from the conductor, like the heat surrounding 
the steam pipes spoken of previously. When we come to measure 
the strength of magnetic fields, to work with them and compare 
them, it is found very convenient to speak of the field as con- 
taining so many lines of force, and the strength of the field as the 
number of lines of force that pass through each square centimetre 
of cross section. The lines as mapped out by the iron filings do 
not represent the lines of force we mean when speaking of the 
strength of the field, and so it is impossible lo measure its strength 
by attempting to count the lines produced by the iron filings. We 
have to work with an universally recognised unit line of force, and 
one of the iron filings lines may represent any number of such 
unit lines. 

Referring back to Chapter II. it will be seen that a definition 
of unit magnetic pole was there given. Karaday formulated the 
idea of magnetic lines of force, and he took the unit magnetic 
field as containing 1 line of force passing through each square 
centimetre of the section. If we have 10 lines of force per square 
centimetre, then the intensity of the field, he would say, was equal 
to 10 times the unit field. 

■ We have now to see what relation exists between this new 
unit and the unit magnetic pole used up to Faraday's time. 
Suppose the unit pole to be surrounded by a sphere of i cm. 
radius, then all parts of the sphere's surface will be at unit 
distance from the unit pole, and therefore if a second unit pole 
be placed anywhere on the surface of this sphere it would ex- 
perience a force of i dyne. Now according to Faraday's definition 
this field at the surface of the sphere is lo be called unit field, 
and to be represented by i line of force through each square 
centimetre. That is to say, a unit magnetic pole placed in a field 
of strength = unity ( = i line of force per square centimetre) 
experiences a force of 1 dyne. Now in such a sphere there are 
4ir ( = 11.56) sq, cm., for the area of a sphere is equal to 4ir times 
the square of the radius, and the radius being unity, there are 
4' sq. cm., and as i line of force is supposed to pass through 
each square centimetre, it follows that the unit pole has 4T lines 
of force radiating from it. It is in this unit, then, that our lines of 
force are measured. 

In Chapter II. we also considered the unit of current, and 
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there saw that if i cm. of the conductor carrying unit current 
be bent into an arc of i cm. radius, it exerted a force on a unit 
pole placed at the centre of i dyne. Now we have just seen that 
the unit pole creates unit magnetic field all round it at a distance 
of I cm., and as the conductor is bent into an arc of i cm. radius, 
all parts of it must be standing in unit magnetic Held ( = r line 
per square centimetre). Of course the currentorrying conductor 
, will experience the force of i dyne as well as the unit pole, and if 
the pole be Axed and the conductor free to move, it would move. 
If the unit pole be replaced by another of z units, then it 
establishes 2 lines per square centimeire at unit distance, and 
the force acting on the current-carrying conductor is doubled. 



Fig. 19. 

Again if the strength of the current in the conductor be 
doubled, the force acting on it when placed in any given strength 
of field is also doubled, and therefore the force in dynes acting 
on a current-carrying conductor depends on (i) the strength of 
the field it is placed in, and (3) on the strength of the current 
flowing in the conductor. 

It will be quite evident that if we take another centimetre 
length of conductor carrying the same current and place it in the 
same strength field, that too would experience the same force; 
and therefore the force in dynes acting on a conductor carrying 
a current in a magnetic field is equal to (i) strength of the field in 
lines per square centimetre ; (z) strength of the current in absolute 
units ; (3) the length of the conductor in centimetres, or f = hc/, 
where h represents the strength of field, c the current in absolute 
units, and I the length of conductor in centimetres. 
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Suppose we have a unifonn magnetic field of strength = i, or 
1 line per square centimetre, and into this field we introduce a 
conductor canying absolute unit current ( = 10 amperes), then this 
conductor experiences a force of 1 dyne. If now we move this 
conductor 1 cm. against the force, we do i erg of work, but in so 
doing we cut through i line of force. If the held be increased 
in strength to any other number of lines per square centimetre, 
then the force exerted on the conductor will be increased in the 
same proportion, with corresponding increases in the work done 
in moving the conductor i cm. in the field. Imagine that we 
take exactly 1 second in moving the conductor i cm., then we 
shall have acted on i unit quantity of electricity, for the unit 
quantity of electricity is that quantity which is conveyed by unit 
current in i second. 

Now we have seen that when work is done by a current, a back 
e.m.f. is produced and that work done = QE, and therefore e = 
. When the intensity of the field is unity, then work 

done in moving conductor through i cm. of the field, and so cutting 
through 1 line of force, is= i erg, and the e.m.f. developed in the 

conductor = E = )"^5^!^-^5n5 = 1 = I absolute unit. 
Q I 

If we take 2 seconds in moving the conductor through the 
centimetre length of unit field, then the work done will be still 
I erg, for work done is independent of the time taken, but we shall 
have acted on z units of quantity, for evidently, if the current 
remains of the same strength, then twice the quantity of elec- 
tricity passes in 2 seconds as does in 1 second. Therefore e = 
work done ^^^ ^^ ^^^ ^^^ j^ ^^^^ ^^1^ j^^jC j^^ {^^^^.^ value. 

Ag^n suppose the movement be accomplished in \ second, then 
work done= i erg, and Q acted on = J. Therefore e = 

='^ = 3 absolute units (100,000,000 of these umts= i volt). This 

4 
shows us that when conductors cut through lines of force, an e.m.f. 
is generated in them independent of the current flowing. The 
e.m.f. generated is proportional to the rate of cutting, or in symbols 

e.m.f. = —r, where N represents the total lines Qit, x the total 
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number of turns cutting n lines, and t the time in seconds taken 
in cutting. 

Before we can calculate the intensity of the field in any given 
case we have to consider two other points, viz., the magnetic 
potential, and the magnetic resistance or reluctance as it is 
commonly called. 

When wc considered the comparable electrical case, we found 
that before we could say what cunent would flow in any case we 
had to coniiider the electrical potential and the electrical resistance, 
and we saw that — 

e.m.f. 
elec. res. 

In much the same way we have to consider the magnetic circuit, 
for— 

n.m.f. 



Electrical effect produced or the current = 



where m.m.f. stands for the magneto-motive force or magnetic 
potential. 

What then is the unit of m.m.f. or magnetic potential, and 
how is it measured? We measure this in a similar way to that 
employed in the electrical case (see Chapter II.), by measuring 
the work done in urging a unit quantity of magnetism round the 
(magnetic) circuit. 

Imagine a solenoid or coil of wire (such as is shown in Fig. 
i8) having any number of turns, say t turns, carrying a current of 
C absolute units. How much work will be done in urging unit 
quantity of magnetism round this circuit? Unit quantity of 
magnetism or unit pole has 4' lines of force, and work done = 

QE, and E is given by the rate of cutting lines of force = — 

The number of hnes of force cutting = 4ir, and they cut 
through T turns in say / seconds, therefore the e.m.f. developed is 
equal to ^-— absolute imits. 

The quantity of electricity acted upon in this time is equal to 
the strength of the current multiplied by the time in seconds, or 
Q •>= c X /. 

Therefore qe = (c x /) x \d51' = c x 4jr x t, and therefore the 
time taken does not influence the result (work done), for if the 
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time be long, the &m.f. developed will be small, but the quantity 
acted on will be correspondingly large, and met versa. 

The work done in urging unit pole round the magnetic circuit 
= 4jrcT ei^s, and the magnetic potential is therefore given as 
equal to \irct. But we measure our current in amperes for 
practical purposes, and the ampere is only -^^ of the value of the 
absolute unit, and therefore we get for the magnetic potential 

- — — or 1.25 ampere turns. Therefore the magnetic potential of 
the coil is expressed as 1 J times the ampere turns. 

How is the magnetic resistance or reluctance measured? 
Again in a very similar manner to the electrical case. There we 
saw that — 

Resistance = ^ — x sp. res. 

sec. area 

We might just as easily have stated it as — 

_ length I 

sec. area sp. conductivity 
The magnetic resistance is likewise proportional to the length of 
the magnetic circuit, and also inversely proportional to the sec- 
tional area, and inversely proportional to the specific conductivity 
of the material to be magnetised, or, as it is more commonly 
called, to the permeability of the material, and therefore the 
length 
sec. area '^ permeability' 
permeability is often symbolised by the Greek letter ^, 
We can now write — 

Magnetic elfect produced) _ m.m.f. ^ — ^j- — -— ' 

or total lines /"reluctance" ^^^ 

s6c. area x/i 
If we symbolise the total lines of force produced by n, then— 

1.2s AT 
„_ — , ^^, — _ i.aSA-Txsec.areax;i 

sec. area x /i o v / 

If the coil is fairly long compared with its diameter then the 
above formula is true, but not so if the coil be short, for the effect 
of the poles formed at the ends are then of relatively much greater 
importance. The poles formed in every case tend to demagnetise 
the arrangement, for if a north pole be formed at one end it would 
tend to urge a north pole to the other end of the coil, i.e., in just 
the opposite direction to that exerted by the m.m.f. of the coil, 



magnetic resistance or reluctance = - ° x r^^ ■ The 
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and similarly for the opposite pole at the other end. The stronger 
the poles so formed, the stronger is their demagnetising action, 
this being proportional to the strength of the pole, and inversely 
proportional to the square of the distance from the pole to the 
centre of the coil. 

If therefore the length of the coil be large, the demagnetising 
effect is negligible, or again if the coil be bent round to form a 
circle, there are no poles formed, and again the above formula holds 
good. I'he permeability of air is taken as unity, and all other 
substances are compared with it. If then we are dealing with air 
only we get— 

Total lines .HSf-^"^'""-' 
length m cm. 
or what comes to the same thing — 

Total lines = 1.25 a-t per cm. x sec. area. 
But we are often more concerned about the magnetic density 
than the total lines, for we can get almost any number of lines 
with any given number of ampere turns, if we allow space enough. 
But a given number of ampere turns will only maintain a certain 
magnetic density, and usually we want not only a large number of 
lines of force, but we want them also in a certain space, that is, 
we want a certain density of the lines of force. The density 

or lines per square centimetre is = , and this in the case 

sec. area 
of air is usually symbolised by h to distinguish it from total lines n. 

Therefore H - — " ■■■S »-T per centimetre «,ce. arm 

sec. area sec area 

or H = 1.25 limes the ampere turns per centimetre. Therefore to 
produce any intensity of field in air, we must provide J h or 0.8 H 
ampere turns (per centimetre) to get it, for if h=i,25 ampere 
turns per centimetre — 

Ampere turns per cm. = = h x 1 or .8 H. 

^-"S S 

Thus, required a field of intensity 100 in a long coil. Maximum 
current to be 10 amperes. How many turns of wire must be 
wound on. 

Here h = 100 = 1.25 ampere turns per centimetre. 
Therefore ampere turns per cm. =.8 x 100 = 80. 
Maximum current= 10 amperes. 
Therefore _? = 8 turns per cm. must be wound on coil. 
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H is seen to be independent of the sectional area of the coil. If 
we make the section large, we get the same intensity as with a 
small sectional area, providing we maintain the same m.m.f., and 
therefore we get many more lines in one case than in the other. 
It might therefore be supposed that there would be a great 
advantage in making coils of large sectional area, but the advan- 
tage is not so great i thus, suppose we desire a field of 10,000 
tines, and we use a long coil having a cross sectional area of 

1,000 sq. cm., the intensity of the field will then be ^ — ^ = 10. 

1000 
The magnetising force required is therefore .8xh = .8xio=' 
8 ampere turns per centimetre length of the space. We need 
only consider i cm. near the middle for our present purpose. 
If we elect to use a current of say 1 ampere, then we must pro- 
vide 8 turns in each centimetre length, that is, in our centimetre 
at the centre the conductor must encircle a space of 1,000 sq. cm. 
area 8 times. If the space be circular in section, the circum- 
ference will be 112 cm. long, and so the length of the conductor 
for our centimetre length will be 8 x 112 = 8g6 cm. 

If we now halve the sectional area, and wind our 896 cm. of 
wire on the same length as formerly, we find we get 14.9 turns 
instead of 8, that is, say 15 ampere turns instead of our 8 ampere 
turns on double the sectional area. Now reducing the sectional 
area to half its former value would, if the ampere turns had 
remained constant, have reduced the lines of force to S,ooo ; but 
we see that with the same length of wire carrying the same current 
we can get 15 ampere turns on the same length, which are able to 
maintain a greater density of held than 10 per square centimetre, 
viz., 18.7 or 1.25 times 15, and therefore the total lines are now 
<= 9,350 instead of the original 1 0,000. If we wished to produce 
in this halved sectional area the same number of lines of force as 
we had in the original case, viz., 10,000, then wc have seen that we 
must provide twice the magnetising force, or t6 ampere turns per 
unit length, because the lines of force will then be twice as dense 
as before. To do this the current would have to be increased 
from 1 ampere to 1.066 amperes, then ampere turns = 1.066 x 15 
= 16 per centimetre length with the same length of wire. 
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CHAPTER VI. 

THE MAGNETISATION OF IRON 

So far we have been considering the Inws governing the mag- 
netisation of the air-space inside a coil. If we fill this space with 
wood, glass, brass, zinc, or any material other than JTon or steel, 
no alteration is made in the strength or intensity of the field. 






The lines of force pass through them as they did through the air- 
space before they were introduced into the coil, therefore their 
magnetic resistance is said to be equal to that of air, and we 
can consider the magnetisation of all such things as if we were 
magnetising the same length and cross section of air. 

We have seen that the magnetising force necessary to produce 
any intensity of field h in air (and therefore in any substance 
Other than iron or steel) is = 1.25 times the ampere turns per centi- 
metre length, that is to say, the ampere turns per centimetre length 
are numerically \ that of the field produced. Thus if H = 50, then 
H= 1.25 ampere turns per centimetre, and therefore the ampere 
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tarns per centimetre = =■ -55- = 40= 4 of h. This holds 

good whatever the intensity of the field may be. If h = 5000, then 
we must provide \ of 5,000 ampere turns for every centimetre 
length, or 4,000 ampere turns per centimetre. The straight line 
shown in Fig. 20 is drawn showing the relation between the 
ampere turns per centimetre and h, the ampere turns per centi- 
metre being 4 H for any value chosen. 

Suppose we wish to produce at the centre of a long coil a 
field of intensity 50, (>., 50 lines through every square centimetre, 
then we must provide 40 ampere turns for every centimetre length 
of the coil. The total number of lines that we get depends on 
the sectional area, for with this number of ampere turns we pro- 
duce 50 lines in every square centimetre independent of the 
number of square centimetres we enclose by the turns. 

But suppose we place inside this coil a core of soft iron, so 
that the space is entirely filled by it, we shall find that with the 
40 ampere turns per centimetre length wc do not get 50 lines per 
square centimetre, but more like 15,000. Evidently when iron is 
placed inside the coil the lines offeree are able to crowd together 
very much easier than before. The iron has diminished the 
magnetic resistance inside the coil enormously. We might say 
we have replaced one material (air) offering a high magnetic 
resistance with another material (iron) ofiering a very much 
smaller resistance, and consequently with the same magnetising 
force or m.m.f. we get a very large increase in the magnetisation 
produced, in much the same way that if we replace a high 
electrical resistance by a very small one we get with the same 
e.m.f. a large increase in the current produced. It is for this 
reason that, where strong magnetic fields are required, the coils 
always contain iron cores, for we then produce an intense field 
with but a small expenditure of power. To produce this field of 
15,000 lines per square centimetre with an air, wood, copper, or 
any other core except iron and steel, would require a magnetising 
force of 4 of 15,000= 12,000 ampere turns per centimetre length, 
instead of 40 with the iron core. 

We have only to consider the permeability of four different 
materials, vix., air, and all so-called non-magnetic materials, wrought- 
iron, cast-iron, and steel. (Nickel and cobalt have slightly different 
values to air, but the difference is not great, and as they are not 
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used to any extent in electrical engineering, we will therefore leave 
them out of account, and confine our attention to the four materials 
mentioned above.) 

But we are now confronted by what may appear at first sight 
to be a difficulty. We find we cannot state definitely the magnetic 
resistance of iron or steel, for it varies with the different qualities 
of these materials, and also with the degree of magnetisation. 
When we experiment with a piece of iron or steel, by increasing 
the m.m.f. in small stages, and measuring the intensity of the 
field produced at each stage, we find that the one is not at all in 
proportion to the other, as it was without the iron. For a little 
at the start, when the m.m.f. is very small, the intensity of the 
field is nearly proportional to the m.m.f., but at a certain point a 
slight increase in the m.m.f. causes a sudden rise in the magnetic 
intensity, which continues to increase altogether out of proportion 
for a time, but as we go on proportionally increasing the m.m.f. 
we find the increase in the intensity of the field produced begins 
to fall off, till we reach a point where it again appears to rise in 
proportion to the m.m.f. With good iron this point is reached 
when the intensity of the field amounts to something like 16,000 
lines per square centimetre, and would be produced by a mag- 
netising force (or m^netic excitation as it is sometimes called) of 
47 ampere turns per centimetre length. 

The iron, at this degree of magnetisation, apparently multiplies 
the intensity of the field 272 times, for 47 ampere turns per centi- 
metre without iron would produce a field intensity h of only 
58.75 lines per square centimetre, or \\ times the ampere turns 
per centimetre. The iron is said to be saturated at this stage, 
because to get any further increase in the intensity of the field we 
require an increase in the m.m.f. altogether out of proportion to 
that required up to this point. 

Because of the great difference in the intensity of the field 
produced by a given number of ampere turns with and without 
iron or steel, it is common to employ another symbol to represent 
the intensity in iron, reserving h for the intensity of the field in 
air and non-magnelic materials. The symbol employed is n, 
therefore H and b both represent the intensity of the field, but 
the one tells us we are not magnetising iron or steel and the 
other indicates that we are so doing. 

We have already said that /i (the permeability of the iron 
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or its multiplying efTect) depends upon the quality of the iron 
and also upon the degree of magnetisation. Let us take another 
analogy to help us in understanding this last effect. Suppose 
we require to thread a large number of thin indiarubber rods 
through the coil, the more we thread through the more difRcult 
it becomes to get others in. We should say the resistance of 
such a space depends upon its length, and inversely upon its 
sectional area, and also upon the number of rods we have to put 
in, for the space becomes less and less permeable to the india- 
rubber rods the more we thread through. It is, however, com- 
paratively easy to get a certain large number in, but at a certain 
stage (when the space is about full or saturated without any 
squeezing together of the indiarubber rods) we have to expend 
a much larger amount of energy to get any appreciable increase 
in the number threaded through. If we wished to know the 
resistance that would be offered by such a space we should have 
to consider (r) the length of the coil, (z) its sectional area, and 
(3) the number of indiarubber rods we require to thread through. 
It is in much the same way that we speak of the magnetic 
resistance of the iron, for the permeabihty of the iron is altering 
with every alteration in the number of lines of force threaded 
through it. There is, however, one very great difference, that 
whereas in the case of the indiarubber rods a time comes when 
it is impossible to get any more in whatever force we bring to 
bear without injury to the coil, while there '\% theoretically no 
known hmit to the number of lines of force that can be got 
through the coil, providing we have a large enough m.m.f. 

The magnetic resistance of the iron depends therefore on 

(i) the length, {2) the sectional area, and (3) upon another 

factor /I, the permeability of the iron, which varies with its 

quality and with the number of lines of force we put in, so that — 

_ m.m.f. _ 1-25 amp, turns _ 1.25 amp. turns 

mag. res. mag. res, length 
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As pointed out in the last chapter, this is only true when the 
coil is extended a long distance at either end of the part under 
consideration. 

But as \t depends on the quality of the iron as well as on the 
degree of magnetisation, it is not easy to very accurately specify 
it. The makers of different brands of iron will usually guarantee 
a certain permeability for their iron, varying of course wirh the 
degree of magnetisation, and will often supply a curve showing 
the magnetisation produced by varying ampere turns per centi- 
metre length in air, and in their particular qualities of iron or 




Fig. 31. 



steel. That is, the curve shows how much this particular quality 
of iron or steel will multiply the magnetisation produced by any 
given m.m.f. 

In considering such a curve here, all we can do is to select 
one that represents a fairly good specimen of what can be pro- 
cured. Such a curve is given in Fig. ar, in which values of b 
(lines per square centimetre in iron or steel) are measured in 
vertical heights or the ordinates as they are called, while values 
of H (corresponding values of lines per square cenlimetre in air) 
are measured by distances to the right of the origin or the 
abscissce. If therefore we want b= 16000 in this iron, we see 
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multiplies the effect 375 times, so that to produce 16,000 lines 
per stguare centimetre in this iron retjuires only the same number 
of ampere turns that would be required to produce 58 lines per 
square centimetre in air, and, as we have already seen, this will be 
equal to \ of 58, or 46.4 ampere turns per centimetre Jenj^th. 

Remembering that h = 1.25 times the ampere turns per centi- 
metre length, and therefore the ampere turns per centimetre 
length = — or ^ of h, we can easily calculate the number of 

ampere turns necessary to give any or all the values of H in this 
curve, and place the number above or below the corresponding 
values of u on the curve. We can then read direct the number 
of ampere turns required per centimetre length to produce any 
value of H or B, and /» can always be found by dividing d by M. 
This has been done in the curve, Fig. 21. 

Let us now take a few problems involving the use of this 
curve, so that we may become familiar with its extreme utility 
in calculating all magnetic problems. It must be remembered 
that we are working with a curve that represents a good mean 
value for different brands of iron and steel, but certain qualities of 
iron may come much below the values here taken, and unless the 
makers of the iron you propose using will supply and guarantee a 
certain permeability curve, a few preliminary measurements should 
be made of its magnetic properties. 

Q. I, A coil consisting of 800 turns of copper wire is wound 
evenly from end to end of a wooden rod zoo cm. long and 
10 sq. cm. in cross sectional area. If a current of 2 amperes is 
passed through the coil — (i.) What is the intensity of the field at 
the centre? (2.) What is the total number of lines of force? 
(3.) What alteration would be made in (i) and (2) if the wood 
be replaced by iron of the same length and sectional area? (4.) 
What is the permeability of the iron ? 

(i.) Amp. turns per cm. length ^^ 3 x — = 8. 

H E. t.z5 amp. turns per cm. length. 
Therefore h= r.2S x 8 = 10. 
(2.) N = Hxsea area=>iox 10= 100. 
(3.) From curve, with H = 10, b = i tino. 
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Therefore n with the iron core = BX sec. area= 12500 x io = 
1 25000. 

(4,) The penneabihcy of the iron at this d^ree of magnetisa- 
tion = - = — 2 — = r 250* 

Q. 2. A rod of iron 5 sq. cm. cross sectional area is wound 
with a coil of wire from end to end. There are 900 turns in 
the coil, and the rod is 300 cm. long. What cunent must be 
employed so as to produce a total of 80,000 lines at the centre? 

N 80000 , 

B = = =16000. 

sec area 5 

From curve to produce b— 16000 requires 58 ampere turns 

per centimetre length. 

Turns per cm. length = - — = 3. 

300 

Therefore current required = 2_-= rg. 3 amperes. 

Q. 3. A circular ring of iron has an outside diameter of 
30 cm. and an inside diameter of 20 cm., and is wound with 
200 turns of wire. If we use a current of 8 amperes in the coil, 
what will be the total lines of force produced in the iron, and 
what will be the intensity of the field ? 

Here we have to hnd (i) the cross sectional area of the iron, 
and (2) the mean length of the lines of force, or the mean 
circumference of the iron ring. 

From the figures given, the thickness or diameter of the iron 

= ^- =s cm., and the sectional area = 5rr' 

= 3.i4X2.5'=i9.62 sq. cm. 

The mean circumference => mean diameter xir= 25 x 3.14 = 
78.5 cm. 

Ampere turns per centimetre length =■ =20.38, and 

78.5 
H=i.25 times 20.38, or 25.5. Referring now to curve we find 
with H = 25.5, B=r45oo. 

Therefore the intensity of the field ="14500 lines per square 
centimetre. 

The total number of lines => B x sectional area = 14500 x 19.62 
= 284490. 
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Q. 4. Find the current necessary to produce 14,000 tines 
per square centimetre in a ring of iron the outside and inside 
diameters of which are 18 and la in. respectively, when it is 
wound with 250 turns of insulated wire. . 

From our curve we find that to produce 14,000 lines per square 
centimetre in the iron we require 16 ampere turns per centimetre 
length. The mean circumference of the ring (and therefore the 
mean length of the lines of force) = mean diameter x 1=15 x 
3.S4X3i4=i'4-6 cm- 

Therefore the turns per cm. = — 5_ =2.19. 
Therefore amperes x 9.19 => 16. 

Therefore amperes = - — = 7.3. 

These examples will be sufficient to show the student that it 
is comparatively easy to get a large density of lines in iron or 
steel. If cast-iron is used, then a larger m.m.f. must be employed 
to produce any required density of field as shown on the curve. 
Fig. 21. The method of calculating, however, is the same in 
each case, providing we take our values from the appropriate 
curve for the material we are using. It is far more difficult to 
produce a large density in air and other non-magnetic materials. 
Thus, in the last example, to produce 14,00a lines per square centi- 
metre in air instead of in iron would require \ of 14,000, or 
11,100 ampere turns for each centimetre length. The turns per 
centimetre were 2.19, and therefore the current necessary would 

be = SI14 amperes, which is a practicable impossibility, 

1.19 

for the conductors necessary to carry so large a current would 
occupy more space than is allowed in the problem. 

It is, however, necessary in many cases to have a certain lai^e 
density of lines in a given air-space, and this in every case 
requires a very large increase in the m.m.f. other than would be 
required if we could work entirely in iron. Now we have already 
seen that when the lines of force leave the ends of the coil or iron 
core their own self-repellent action makes them spread out, and 
so the density of the lines in the air-space becomes less than it 
was in the iron. In Q. 3, page 78, we considered a ring of 
iron in which we produced a field of 14,500 lines per square 
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centimetre, witli a magnetic excitation of 20.38 ampere turns per 
centimetre length. Suppose we cut a piece out of this ring, as 
shown in Fig. 22, and excite it as before with 20.38 ampere turns 
per centimetre, we shall find that we do not get anytliing like 
14,500 lines per square centimetre, for we have introduced into 
the magnetic circuit a large increase in its resistance, and to still 
maintain the same density as formerly the m.m.f. would have to 
be increased very considerably. 

Let us place this ring of iron under a sheet of cardboard and 
sprinkle iron filings over it. On jjassing a current through the 
coil and tapping the cardboard we find the filings arrange them- 
selves between tlie iron faces, as shown in Fig. 33. Here the 
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lines spread out a good deal after leaving the iron, only a com- 
paratively small number taking the straight path across, and 
consequently the density of the lines in this air-gap must be 
considerably less than the density in the iron. 

Let us now imagine that the piece of iron has been cut 
out with a saw \ cm. in thickness; then when the iron is 
replaced in the centre of the air-gap there will still remain at 
either side of it an air-gap equal to the width of the saw, as 
shown in Fig. 24, which also shows the field we would see mapped 
out by the iron filings if we tried the experiment. It will be 
noticed that a fairly large number of the lines of force pass 
through the piece of iron, which we will call the armature, some 
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by a straight path from face to face, and others by a curved path, 
forming as it were a fringe to the iron faces. But all the lines 
do not go through the armature, for a number, though curving, 





Fig. 34. 



a£ if trying to get into it, are as it were crowded out If our 
object be, as it often is, to produce a certain number of lines of 
force in the armature, all those that do not enter it may be con- 
sidered as waste lines of force, and to provide our required 
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number in the arnmture we must make provision for these waste 
lines. The number of lines entering the armature depends on 
the distance between the iron faces or the length of the air-gap, 
and also on the sectional area of the iron in the armature and the 
fringe. In the case of dynamo armatures it is usual to allow for 
zo to 35 per cent, waste lines. 

We have now to consider what magnetic excitation will be 
required to get a given number of lines of force through such an 
armature. I^t us take a specific case. The ring of iron in Q. 3, 
page 78, has a mean circumference of 78.5 cm. and a sectional 
area of rg.ea sq. cm. Suppose we cut out a length of 10 cm. 
with a saw of .5 cm. thickness, therefore the air-gaps will be .5 cm. 
each. Further, suppose we wish for a total of 300,000 lines 
in the armature, the question now before us is, how many ampere 
turns must be provided on the field magnet to produce the re- 
quired number of lines of force in the armature? 

The method to be employed when we are dealing with the 
iron parts is simple, and has already been explained in full. 

1. In the armature, b = = = practically 

sec area if^Aa 
10200. Referring to our curve we find that to produce a field 
B= 10200 in iron, we require 5 ampere turns per centimetre 
length. There are 10 cm. length in the armature, tlierefore 
10 X s =- 50 ampere turns are required for this part of the magnetic 
circuit. 

2. In the field magnet we have to provide for 25 per cent, 
more lines than in the armature to allow for the waste field. 
Therefore total lines in the field magnet = 250000, and 

D = — - = '^°°°° = ri74o, and from our curve we find the 

sec. area ig.62 

ampere turns required for the field magnet = 9 per centimetre 
length. 

The length of the field magnet = 78.5 - 1 r (the length of the 
armature and air-gaps) = 67.5 cm. Therefore total ampere turns 
required for the field magnet = 67.5 x 9 = 607,5. 

The only thing now remaining is the air-gaps. The total 
number of lines passing through these must necessarily be equal 
to the number in the armature, for the lines of force must j)ass 
from ihe field magnet through these air-gaps before they can pass 
through the armature. But in so doing they spread out, forming 
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a fringe ; the amount of spreading depending on the length of the 
air-gap, and consequently the density of the lines in the air^ps 
will be less than in the armature. 

From experiments that have been made on this point it has 
been found that if we increase the sectional area of the iron faces 
by adding to them .8 time the length of the air-gap all round, 
we get very nearly the proper sectional area of the air-gaps through 
which the lines of force will pass 

on leaving the field magnet and | I 

entering the armature. The lines " *" * 

of force that pass outside this 
enlarged sectional area will not 
enter the armature, and are there- 
. fore counted as waste lines. 

Now our air-gaps are .5 cm. 
long, and .8 time .$ = .4 cm., so 
we must increase the sectional 
area of the iron face by adding Fig. 25. 

.4 cm. to the iron all round. 

Thus if the shaded part of Fig. 25 represents the sectional area 
of the iron face, then the outer circle represents the sectional area 
of the air-gap. Our sectional area for the air-gap is therefore 
equal to jrr* = 3.i4X 2.9* = 16.32 sq. cm. 

3, In the air-gap, the density of the lines or H = 

sec. area 

= '°°°°° = 7600, and we have already seen that the ampere 

turns per centimetre length in air = J of h. Therefore the ampere 
turns necessary per centimetre length in our air-gaps = J of 7600 
= 6080, the length of the air-gaps being i cm. 
Summing up, we have — 

Ampere turns required for armature = 50 
„ „ field magnet = 607 

„ „ air gaps = 6080 

Total ampere turns required = 6737 
If we propose to use a current of say 3 amperes, then the 
total number of turns of wire required = -i^' = 2246. 
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Fig. 36 gives a dimensional sketch of ttie field magnet and 
armature of a well-designed shunt wound dynamo. Total lines 
through the armature= 10500000. Magnetising cunrent, 6 am- 
peres. What number of turns of wire are required on the field 
magnet limbs so as to produce the given number of lines through 
the armature? n in field magnet = N in armature x 1.33. 
From the figures given we find — 

Sectional area of iron in field magnet limbs = 980 sq. cm. 
„ „ armature = 810 „ 

„ „ yoke =iizo „ 

» 11 pole piece ='Si3 n 
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Fig. 26. 



The yoke is the piece of iron on the top joining or yoking to- 
gether the two field m^net limbs. The pole pieces are the larger 
curved pieces at the lower end of the limbs, usually made in one 
piece with them, and are bored out to embrace the armature. 
The diiference between the diameter of Che bore and the diameter 
of the armature gives the length of the two air-gaps, which in our 
case is equal to 2.r cm. 

Also from the dimensions given we get — length of lines in 
field magnet limbs, yoke and pole pieces, as shown by the dotted 
line = approximately i8r cm-, or 91 in the two field magnet limbs, 
50 in the yoke, and 40 in the two pole pieces. 

In the armature we have to estimate the length of a mean line. 



D„l,:.cbyG0C>^lc 




Tig. 27. 



THE MAGNETISATION OF IRON 85 

Fig. 27 shows eight mean lines through the armature. Evidently 
the mean length will be something less than the diameter of the 
armature, say ao cm. The 
length of each air-gap=i.o5 
cm. 

We can now calculate the 
density of the lines in each 
part, and find from our curve 
the necessary ampere turns 
per centimetre length for each. 
The only dimension not yet 
settled is the area of the air- 
gap. We see from the figure 
that the curved surfaces of the 
field magnet form part of the 
circumference of a circle of 

27.5 cm. diameter. The circumference of such a circle= 2)rr = 
ZX3.I4X 13.75 = 87-35 cm. There are 360° in a complete circle, 
and our pole pieces suhtend an angle of 1 29°, therefore the length 
of the curved surface = JJg of 87.35 cm. = 31. 3 cm. The breadth 
of this curved surface is the sameas the breadth of the pole piece, 
viz., 48.3 cm., and if we multiply these together we get the area of 
the curved surface. Bui we have seen that the lines spread out 
in the air, and to get the proper sectional area through which lines 
of force will pass from pole piece to armature we have to add .8 
time the length of the air-gap all round the area of the pole piece. 

Therefore the sectional area of the air-gap 

= 32.98 X 49.9S = 1 648 sq. cm. 

Density of lines in the armature= '°5°°°°° = 12963, 
or say 13000. 

Density of Unes in the field magnet limbs = '050000° x '-3' 



. Density of lines in the yoke = ^ 3' = , 3 ^ j^ 

Density of lines in the pole pteces= 'ogooooo x 1.3a ^ g^^^ 
Density of lines in the air-gaps= — ' =6377. 

D„l,:.cbyG0C>^lc 



86 ELECTRICAL ENGINEERING. 

From our curve, with wrought-iron, we find — 

Aini>ere turns per centimetre for field magnet limbs = 17 

„ „ „ armature =10 

yoke = 8 

„ „ „ pole pieces = 3 

air^ps = 5or6377 = 5ioi 
Ampere turns for field magnet limbs =17x91 = 1547 
,, „ armature =ioxao= 200 

„ „ yoke = 8 X 50 = 400 

„ „ pole pieces =3x40= no 

„ „ air-gaps =5101x1.1—10712 

Total ampere turns required^ 12979 

Therefore if the monetising current be 6 amperes, the total 
number of turns of wire to be put on to the field magnet limbs = 
— |Z2 = 2i63 turns. This of course is calculated on the values 

given by our curve, and therefore shows the result we would get 
with one particular quality of iron. If we used magnetically 
inferior iron, the number of turns necessary would be greater. 
These turns should be wound in two coils, one placed on each 
limb. 

In continuous current dynamos and many other pieces of 
electrical apparatus the iron is magnetised up to a certain density, 
and every time the current is raised to its preairanged value we 
get the same number of lines of force in the iron. How to get 
any desired density has just been shown, and the student is recom- 
mended to work through several problems similar to those given, 
so that he may become familiar with the method of working, for it 
is of the utmost importance in electrical engineering. 

But in many cases we find the iron is being magnetised first in 
one direction and then in the opposite direction continuously, and 
often at a very rapid rate, the current employed being a rapidly 
reversing or alternating one. 

We have already seen that, starting with a new piece of good iron, 
we can easily magnetise it up to 14,000 or 15,000 lines per square 
centimetre, and by doing so in small steps, measuring with each 
alteration in the m.m.f. the density produced in the iron, we can 
plot out the result in the form of a curve, as shown in Fig. ai. 
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If when we reach a value of B = 14000, we now decrease the 
m.m.f. in small stages back to zero, measuring the density at each 
step as before, we find that the magnetisation does not fall as 
rapidly as it rose, and when we have reduced the m.m.f. to zero we 
stjil have a field of 7,500 lines per square centimetre in the iron. 

Let us now reverse the current, and again in small steps apply 
the reverse m.m.f. We find that for a certain time we are not 
magnetising but demagnetising the iron, and at a time when the 
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Fig. z8. 

m.m.f. or u = 3 we have no magnetisation at all. That is to say, 
we have had to expend a certain amount of power to demagnetise 
the iron. If we continue increasing the reversed m.m.f, we find 
B rapidly rising in the opposite direction till it again reaches 
14,000 lines per square centimetre, and on again decreasing the 
m.m.f. to zero we get 7,500 lines per square centimetre left in the 
iron in the opposite direction. Finally, by again reversing the 
current, making it similar in direction to what it was in the first 
case, we reduce B to zero, and then rapidly increase it again in 
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88 ELECTRICAL ENGINEERING. 

the first direction to the original maximum value where it appears 
to close the loop. 

AH this is shown in the curve, Fig. 28, the arrow heads showing 
the rise and fall in the magnetisation Arom o through one com- 
plete cycle. The figure en- 
closes a certain space the area 
of which is a measure of the 
power we have to expend for 
each cubic centimetre of the 
iron in magnetising it first in 
one direction, then reversing 
and magnetising in the opposite 
direction, and again reversing 
and magnetising in the ori- 
ginal direction, or as it is 
called, in taking the iron 
through a complete cycle of 
magnetisation, and every time 
we repeat the cycle we must 
expend this amount of energy 
for every cubic centimetre of 
the iron in so doing. 
The magnetisation produced at any part of the cycle, except 
at the extreme ends, lags behind the m.m.f., and because of this 
the curve is known as a hysteresis (or lagging) curve. 

If we reverse the current repeatedly in this way the magnetisa- 
tion will trace out this closed curve at each cycle, and the original 
curve starting from o will never again be repeated. From this It 
follows that when we magnetise the iron spoken of previously up 
to say 16,000 lines per square centimetre, we do not lose all the 
magnetisation when we stop the current ; a fairly large amount, 
say 8,000 lines per square centimetre, or half the total amount, will 
remain, and when we start the current again the first part of the 
rise to 16,000 will not be according to the curve given in Fig. zr, 
but by that shown dotted in Fig. 29. We, however, arrive at 
16,000 lines per square centimetre each time we provide the 
required number of ampere turns, but for any intermediate value 
of the magnetisation the value we get depends on whether we are 
increasing or decreasing the m.m.f. If we are starting from o and 
increasing the m.m.f, b will slowly rise (according to the specimen 



Fig. 29. 
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of iron used) on the doited part of the curve, Fig. 29, while when 
we decrease it will fall on the upper part of the curve, so that even 
though we do not reverse the current we get different values for 
B according to whether we have been increasing or decreasing the 
m.m.f. The difference, however, gets less the higher b becomes. 
The power spent in magnetising and demagnetising the iron 
which is measured by the area enclosed by the curved lines, 
and which will vary with the different qualities of iron, is of very 
great importance when the magnetisation is reversed continuously 
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Fig- 30- 

and rapidly, and any small diminution in the power absorbed 
may lead to a large saving in the year's working. Now the area 
of the figure depends on the degree to which we magnetise the 
iron, and consequently the smaller we make b, the smaller will be 
the loss of power in rapidly reversing the magnetisation. 

But if the area enclosed was simply proportional Co b, we would 
get no saving of power in working at a lower density, for should 
we require a certain number of lines, the smaller we make b the 
more iron we require. Thus, suppose we decide to work to a 
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density of 5,000 lines per square centimetre, then to carry a given 
number or lines we should require three times as much iron as 
we should if working at 15,000 lines per square centimetre, conse- 
quently if the area enclosed when b= 5000 were just one-third of 
the area enclosed when b = 1 5000, we should get no saving in power, 
for though the loss per cubic centimetre is only one-third, we have 
now got three times the amount of iron, and therefore the loss 
would remain as before. If, however, we examine the areas of 
these figures, we find that at 5,000 lines per square centimetre 
the area enclosed is less than one-third of that enclosed when B = 
15000. When carefully measured it is found that the loss per 
cubic centimetre is proportional to the 1.6 power of b (see Fig, 30). 
As there is no possibility of consuming energy, all we do in 
every case is to transform it from one form to another. Where 
then does the energy that we expend in magnetising and de- 
magnetising the iron go? It goes to warm the iron, and if we 
work with a high value of b, the heat developed in the iron 
may become dangerously large, so that the insulation round the 
copper wires may be burnt and the whole apparatus destroyed. 
This in itself prevents us from using a high density when we are 
rapidly and continuously reversing the magnetisation. If we use 
a lower density, we not only have a saving in the enei^y spent, 
but also this smaller amount of energy being put into a larger 
volume of iron does not raise its temperature to anything like so 
high a degree as before. We therefore find in practice that with 
rapidly reversing or alternating currents the density of the lines 
employed in iron averages about 4,000 or 5,000 per square 
centimetre instead of 14,000 or 15,000 with steady or continuous 
currents. 
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CHAPTER VII. 

ELECTRO-CHEMISTR Y—PRIMAR Y BATTERIES. 

We have studied two eflecls produced by an electric current — 
first, a heating effect; and secondly, a magnetic effect. But an 
electric current produces also a third effect, which manifests itself 
only when it is passed through a liquid. Almost all liquids thai 
we have to deal with are compounds of two or more elements. 
For instance, water is composed of two gases, hydrogen and 
oxygen, in the proportion of 3 volumes of hydrogen to i volume 
of oxygen. This is often written in the form of symbols, H,0. 
Sulphuric acid is composed of hydrogen, oxygen, and sulphur, in 
the proportion of 3 parts hydrogen, 4 parts oxygen, and i part 
sulphur, and is commonly written H|SOi. Again, copper sul- 
phate is composed of i part copper, i part sulphur, and 4 parts 
oxygen, and is written CuSO« and we can represent all the solu- 
tions we have to deal with in this way. 

Now when an electric current is passed through these solu- 
tions, they split up into parts, one part being liberated at the 
point where the current enters, and the other part where it. leaves 
the liquid. If, for instance, we pass a current through water, we 
find oxygen gas being liberated where the current enters the water, 
and hydrogen gas where it leaves. The conductors that lead the 
current into and out of the liquid have been called the electrodes 
(or electricity doors). The leading-in electrode is called the 
anode {or entering door), and the leading-out one the cathode 
(or exit), llierefore we say oxygen is liberated at the anode, and 
hydrc^en at the cathode. If the solution contains a metal it is 
always liberated at the cathode. 

, Let us take three vessels of glass or porcelain, containing a 
solution of copper sulphate (CuSO,), using clean, carefully weighed 
copper plates as electrodes in each, and connect them as shown 
in Fig. 31. If a current is passed through the circuit we shall 
find after a certain time that the cathodes have all had copper 
deposited on them, and have consequently increased in weight, 
while the three anodes liave diminished in weight to an equal 
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extent. Not only this, but the cathodes in a and u taken together 
have increased in weight by exactly the same amount as the 
cathode in c, while the two anodes in a and B have together 
lost in weight by exactly the same amount as that in C. But we 
remember that, in this divided circuit, the currents in the two 
branches a and b are together equal to the current in c, and the 
current in all parts must have been flowing for the same length of 
time, therefore the amount of decomposition produced at different 
parts of a circuit is seen to be proportional to the quantity of 
electricity that passes through that part of the circuit, or to the 
current multiplied by the time in seconds, for we saw in Chapter I. 
that the current is the rate of flow, or the quantity of electricity 
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passing round the circuit in unit time (i second). This could 
therefore be used as a method for comparing different quantities 
of electricity, and if we at the same time note the number of 
seconds that have elapsed from the moment we start the experi- 
ment to the time of switching off, we can very easily and very 
accurately determine the strength of the current that has been 
flowing. 

Let us now take a number of vessels, one containing water, 
having platinum electrodes with long tubes filled with water 
arranged over them so as to collect the gases, oxygen and hydrogen, 
and join this in series 'with another containing copper sulphate 
with weighed copper plates as electrodes, and this again in series 
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with a vessel conlaining silver nitrate with weighed silver electrodes, 
and this in series with one containing zinc sulphate with zinc 
electrodes, and still another containing gold cyanide with gold 
electrodes, and pass a current of say i ampere for 5 minutes 
through the series, we shall find at the end of the experiment that 
we have produced a certain amount of decomposition in each of 
the vessels. On weighing the amount of hydrogen liberated we 
find .0031 14 gram. Now the quantity of electricity that produced 
this amount of decomposition was 300 coulombs, for r coulomb 
passes through every second when the current has unit strength, 
and therefore in 5 minutes 300 coulombs will have passed, there- 
fore I coulomb would have liberated ^ — =- ^ = .00001038 gram of 
hydrogen. In the copper sulphate vessel the cathode will have 
increased in weight by .19626 gram, therefore i coulomb liberates 

■.ii— ^ = .000654 gram of copper. In the silver nitrate solution 

300 
the silver cathode will have increased in weight by .3354 gram, 

and therefore i coulomb liberates ^^554 = . 00118 gram of silver. 

300 
In the same way t coulomb is found to liberate .000337 grani of 
zinc and .000679 gram of gold. 

We see that there is a great difference in the weight of each 
of these substances liberated by the same quantity of electricity. 
Now the elements have what is known as atomic weights, or com- 
bining weights, so that when any of them combine together they 
do so in these proportions. The combining weights of all the 
elements are very well known, and are given in text-books on 
chemistry. But there is another property attaching to the 
elements, known as their valency. When we compare the com- 
pounds formed with certain elements — hydrogen and chlorine, for 
instance — we find i atom of hydrogen (atomic weight= i) com- 
bines with I atom of chlorine (atomic weight = 35.37) and forms 

1 molecule of hydrochloric acid, and these two elements always 
combine in this proportion ; thus i lb. of hydrogen combines with 
35-37 lbs. of chlorine and forms 36.37 lbs. of hydrochloric acid 
(HCI). But if we take hydrogen and oxygen, we find i atom of 
oxygen combines with 2 atoms of hydrc^en to form a molecule of 
water; thus 16 lbs. of oxygen (atomic weight = 16) combines with 

2 lbs. of hydrogen (atomic weight = 1) to form 18 lbs. of water. 
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We sajr ox)^en is a divalent element, for it requires % atoms of 
hydrogen to as it were saturate it. Similarly with ammonia we 
have. I atom of nitrt^n combining with 3 atoms of hydrogen to 
form a molecule of ammonia, consequently nitrogen is called a 
trivalent element, and it is evident that all the elements can be 
divided up into groups, monovalent, divalent, trivalent, &c. Of 
the number of substances we have spoken of above, the first three, 
viz., hydrogen, copper, and silver, are monovalent, while zinc is 
divalent and gold is trivalent, and if we examine the quantity of 
each liberated by i coulomb, we find that the weights of the first 
three substances are in proportion to their combining weights, for 
these are in proportion of i : 63 : 107.66. If therefore we take 
the amount by weight of hydn^en liberated as unity, we see we 
have 63 times the weight of copper and 107.66 times the weight 
of silver liberated by i coulomb. When we come to the zinc and 
gold, we find we have 32.45 times as much zinc and 65.4 times 
as much gold by weight, while the atomic weight of zinc = 64.9, 
and that of gold = 196.3. But zinc is a divalent element and gold 
is a trivalent element, and so we only get an amount equal to the 

combining weight divided by the valency, which for zinc^-^? 
= 3a. 45 times the weight of hydrogen, and for gold =■ -— = 65.4 

times the weight of hydrt^en, because i atom of zinc is equivalent 
to 3 atoms of hydrogen, and i atom of gold to 3 atoms of hydro- 
gen as far as their electrical decomposition is concerned, and if a 
certain quantity of electricity were capable of liberating a certain 
quantity of hydrogen, it could only liberate half the equivalent 
combining weight of zinc and one-third that of gold, but this 
quantity of zinc is 32.45 times as heavy as the equivalent amount 
of hydrogen, and the gold is 65.4 times as heavy. 

The following table gives for a number of elements their 
atomic or combining weights, valency, and chemical equivalents 
where hydrogen is taken as unity. This is followed by the electro- 
chemical equivalent where the amount of hydrogen liberated by 
I coulomb is taken as unity, the values for the other elements 
being this number multiplied by the chemical equivalent, and 
indicates the weight in grams of each of the elements liberated 
by I coulomb. The other columns give values for practical use 
that often save time in calculating. 
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Q. I. Inacopperrefinery, what weight of copper will be refined 
in a single vat by a current of zoo amperes in a day of lo hours? 

The number of coulombs passed through the vat^aoox lo 
X 3600 = 7200000, and 1 coulomb liberates .000654 gram of 
copper. 

Therefore 7200000 x. 000654 = 4708.8 grams will be refined. 

There are 453 grams in i lb. 

Therefore — — — = 10.39 lbs. of copper are refined. 

453 
Q. 2. How much caustic soda is produced per ampere hour, 
and how much lead, silver, and mercury (from mercurous nitrate) 
would be deposited per ampere hour ? One coulomb evolves 
say .0104 milligram of hydrt^en, and the atomic weights of 
sodium, lead, silver, and mercury are respectively 23, 207, io8, 
and zoo. (C. and G. Examination in Electric Light and Power, 
1899.) 

All these substances are monovalent except lead, which is a 
divalent element Therefore — 

Chemical equivalent of sodium = 23 

lead =103.5 
„ „ silver =108 

„ „ mercury = 200 

Electro chemical equivalent of sodium = 23 x .0104 mgm. 
„ „ „ lead = 103.sx.0104 „ 

„ „ „ silver = 108 X. 0104 „ 

„ „ „ mercury = zoo x. 0104 „ 

If I ampere be maintained for i hour, then 3,600 coulombs 
will have passed round the circuit, therefore in i ampere hour 
we have — 

23 X. 0104 X 3600 = 861.1 mgm. =.8611 gm. of sodium 
io3.5x.oio4X36oo = 3875 „ =3.875 „ lead 
io8x.oio4X36oo = 4o43.s „ =4.043 „ silver 
zoo X .0104 X 3600= 7488 „ = 7.488 „ mercury 
The .8611 gram of sodium wilt combine wiih water to 
form caustic soda (NaOH), and the atomic or combining weights 
of Na, O, and H are 23, 16, and i respectively. That is to say, 
23 grams of sodium will combine with 16 grams of oxygen and 
I gram of hydrogen to form 40 grams of NaOH, 
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n of sodium will fonn — 
— = 1.497 grams of NaOH. 



In all such cases of electrolysis we cannot say what current 
will (low through the circuit by simply considering the e.m.f. and 
the resistance, for when a liquid is decomposed the two parts 
mto which it is separated (called the ions) appearing at the 
electrodes give rise to an e.m.f. which is in opposition to that 
which produced the decomposition. The current that flows 
through such a circuit = ^Zl^ where e is ihe e.m.f. of the dynamo, 
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e the back e.m.f. of the electrolytic cell, and r the total resistance 
of the circuit. But we have still another difficulty. The re- 
sistance of a liquid is not easy to determine on account of this 
back e.m.f. put into the circuit by the decomposition of ihe 
liquid. Several methods have been tried, but the considerations 
of these we will leave for the next year's course. 

From the above statement regarding the back e.m.f. produced 
it would seem that, if we place certain materials in certain liquids, 
they would give rise to an e.m.f of themselves, and such is the 
case, forming what are known as primary batteries. If, for in- 
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stance, we place a piece of zinc and a piece of copper in dilute 
sulphuric acid (Fig. 32), we produce an e.m.f. between the zinc 
and copper, and consequently if we complete a circuit between 
them a current will flow round the circuit, that is to say, a certain 
amount of electrical energy will be expended, the energy being 
provided by the zinc, which dissolves in the acid. 

The current that flows must necessarily traverse the liquid, 
and consequently the liquid will be decomposed into two parts, 
which will appear one at the copper and the other at the zinc. 
Sulphuric acid being the liquid employed in the above case, it 
will split up into Hj and SO4, the H^ being liberated where the 



Fig. 33- 

current leaves the liquid, viz., at the copper plate, and the SO4 
where the current enters the liquid, at the zinc plate. The SOj will 
combine with zinc, and consequently the zinc dissolves, forming 
zinc sulphate (ZnSO^). The hydrogen liberated at the copper plate 
causes a back e.m.f. as we have already seen, and so, as soon as 
we complete the circuit and allow a current to flow, reactions take 
place that cause a fall in the e.m.f. due to the decomposition of 
the liquid, and the consequent liberation of hydrogen at the 
copper plate. If the current be maintained for any length of 
time we And it getting weaker, till it finally censes. This is due 
to the hydrogen collecting more and more on the copper plate, 
till it finally completely covers it with a film, and hydrogen being 
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a non-conductor of electricity, prevents any further (low of elec- 
tricity round the circuit. The cell is then said to be polarised. 

If we divide the vessel into tiro parts by means of a porous 
partition of say unglazed earthenware (which is the common 
material employed), and place the zinc with dilute sulphuric acid 
in one compartment, and Ihe copper with cop[>er sulphate solution 
in the other (Fig. 33), we prevent the hydrogen from collecling 
on the copper plate, for the hydrogen now combines with the 
copper sulphate to form sulphuric acid, while the copper so 
liberated is deposited on the copper plate — 
CuSOj + H^ = HjSO, + Cu. 

If pure zinc is used it will be unacted upon by the acid until 
a current flows through it, when by the liberation of SO4 in 
contact with the zinc, zinc sulphate is formed. The amount of 
zinc dissolved is proportional to the quantity of electricity passing, 
or to the cunent multiplied by the time, 

Q. I. If in this cell a current of i ampere is maintained for 
I hour, how much zinc has been converted into zinc sulphate? 
The atomic weight of zinc = 64.9. 

Zinc is a divalent element, and therefore its chemical 
equivalent = 32.4S, and the electro-chemical equivalent = 31.45 x 
.oro4 mgm. = .000337 S"*' ^^ ' ampere be maintained for i 
hour, then 3,600 coulombs will have passed through the solution, 
and therefore .000337 *' 3600= 1.21 grams of zinc will have been 
dissolved. 

Q. a. In this same cell how much cop|)er will be deposited on 
the copper plate by i ampere in i hour? The atomic weight 
of copper = 63. 

Copper being a monovalent element, its chemical equivalent 
= 63, and its electro -chemical equivalent = 63 x .oro4 mgm. 
= .000654 g'"' 

Therefore, as 3,600 coulombs pass through the solution, we 
have .000654x3600 = 2.35 grams of copper deposited on the 
copper plate. 

This copper has come from the copper sulphate solution, and 
therefore, if the cell is to go on working, it must be provided with 
a store of this substance, or the solution would soon be converted 
into sulphuric acid, all the copj>er having been deposited on the 
copper plate, and polarisation would then take place as before. 

Gooi^lc 
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To prevent this a number of crystals (of CuSO^) are suspended 
in the copper compartment and slowly dissolve, keeping the 

solution always sattirated. 

If commercial zinc Is used it will contain impurities, other 
metals being present to a certain extent. We therefore have all 
the requisites for a cell complete in the zinc compartment, viz., 
two different metals and the liquid and currents will circulate 
through this local circuit, from the nine through the liquid to the 
impurity completing the circuit through the body of the zinc 
itself, and consequently the zinc will be dissolved even when we 
have no outside connection between the copper and the zinc plates. 
This is called local action, and is prevented by either using 
chemically pure zinc or by amalgamating it with mercury. The 
amalgamating is accomplished by first cleaning the zinc in acid, 
and then rubbing mercury over its surface. The mercury 
amalgamates with the zinc, forming a paste of mercury and zinc 
which will spread itself over the impurities, preventing them from 
coming into contact with the liquid, while the zinc is continually 
brought to the surface as it is required by the mercury amalgamat- 
ing with more of it. This cell is known as " Daniell's " from the 
name of its inventor. It gives an e.m.f. of 1.07 volts. 

We have seen that SOj is liberated at the zinc and copper at 
the copper plate, and though this reaction must be taking place 
throughout the whole body of the liquid, it is only at the electrodes 
that it becomes evident. It is supposed in this, as in every case 
of electrolysis, that the molecules become polarised, and then an 
interchange takes place between them, this of course being quite 
invisible even with the most powerful microscope, for molecules 
cannot be seen by any known means. This interchange is repre- 
sented in Fig. 34, where we see, first, the molecules polarised and 
in line ; and second, the interchange that goes on among the many 
millions of molecules while ihe current flows. 

The resistance of the cell is often of great importance, for since* 
the current that flows in the external i>art of the circuit must also 
flow through the cell itself, a large amount of its e.m.f. will be 
spent on the cell if its resistance is high, and again the maximum 
current it can deliver wiil be small. 

Q. I. If the Daniell cell described above gives an e.m.f. of 
[.07 volts, and its resistance be i ohm, what is the maximum 
current it can deliver? 
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The current = 



total e.m.f. _ 1.07 _ 

total resistance 1 

That is to say, when we join the terminals together by a thick, 

short copper wire, having in itself a perfectly negligible resistance, 

the current that would flow through it would be 1.07 amperes. 

Q. 2. If a similar cell were used, but one having a resistance 

of \ ohm, what would be the maximum current obtainable ? 

I, , e.m.f. 1.07 

Current = — , - = , ' 

total R i 



1.07 amperes. 



3 amperes. 




Fig- 34- 

Now the resistance of a cell lies chiefly in the resistance of the 
liquids employed, for all liquids have a much higher specific resist- 
ance than metals, and the resistance of liquid conductors, like 

metallic conductors, is proportional to * — x sp. res., so that 

sec area 
for any given liquid the resistance will be less the shorter we 
make the distance between the electrodes, and the larger we make 
the sectional area through which the current passes, »>., the larger 
we make the electrodes. Therefore the resistance of any given 
cell depends on its size and the distance between the zinc and 
copper plates. 
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The e.m.f., however, depends simply on the materials employed, 
and would have the same value whatever the size may be. A cell 
made up in a teacup would have exactly the same e.m.f. as one 
made of the same materials in a logallon jar, but the small one 
would have much more resistance than the large one, and therefore 
could not deliver so large a current. 

A very large number of primary cells have been invented, the 
object being in every case to increase the e.m.f., decrease the 
internal resistance, effectually to prevent polarisation, and to mini- 
mise the amount of attention required to keep them in good 
working condition. 

When small currents are required for short intervals of time a^ 
is used for ringing bells, sending signals, telephoning, &c., the 
"Leclanch^"cell is superior to any, in that it requires no attention 
whatever for months or even years if put into a suitable place, 
there being no action in the cell when not delivering a current 

This cell consists of a vessel of glass or earthenware containing 
a solution of salammoniac (ammonium chloride, NH4CI) into 
which a zinc rod or sheet and a porous pot is placed. The 
porous pot contains a plate of carbon surrounded by crushed 
carbon and manganese dioxide (MnOg), the top being covered with 
acompound consisting principally of pitch and shellac. The salam- 
moniac solution penetrates through the porous pot and the crushed 
carbon and manganese dioxide, no second liquid being employed. 
The only object in having the porous pot is to keep the manganese 
dioxide and carbon in close contact, and to prevent the zinc and 
carbon from touching. The e.m.f. of the cell is nearly 1.5 volls. 

When we complete a circuit between the carbon plate and the 
zinc, a current flows from the zinc through the salammoniac 
solution to the carbon, and from the carbon through the circuit 
provided back to the zinc. In so doing, ihe solution of salam- 
moniac is decomposed into ammonia (NH^), chlorine (CI), and 
hydrogen (H). The chlorine attacks the zinc and forms zinc 
chloride, tlie ammonia is given off as a gas, and the hydrogen 
is liberated at the carbon and manganese dioxide mixture. Here 
the hydrogen decomiwses the manganese dioxide, and combines 
with some of its oyxgen, forming water. In chemical symbols this 
action is represented thus — 

2NH4CI-»-Zn = ZnCl + 2NHi,4-H, 
Hj -h aMnOj = MnjOj -H Hp. 
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These cells are commonly made in three sizes, the interoiediate 
size having a resistance of about i ohm. 

They are also made tn a form known as dry cells, which is an 
improvement in some respects on the older form described above. 
In this the positive element (ihe zinc) is used to form the con- 
taining vessel, which is cylindrical in shape, and made from sheet 
zinc with a zinc bottom. This is lined inside with plaster of 
pans, which takes the place of the porous pot. Inside this is 
placed a carbon plate surrounded by a paste of powdered carbon, 
manganese dioxide, glycerine, and salammoniac solution. The 
top is then covered in with a compound of pitch and shellac, 
a very small vent-hole being left. The action of the cell is the 
same as in the older form, and being made of the same materials, 
it produces the same e.m.f., but its resistance is less because the 
sectional area through which the current pa.sses is considerably 
increased, and the distance between the zinc and carbon is 
diminished. An Intermediate size has a resistance of about 
.4 ohm, therefore it can deliver a maximum current of nearly 
4 amperes instead of 1.5 amperes with the older type. It is 
also more convenient in many casep, for it can be placed in 
any position. 

Polarisation is prevented in these cells to a certain degree by 
the manganese dioxide, which being rich in oxygen, pans with 
some of it to burn up the hydrogen that would otherwise polarise 
the cell. But manganese dioxide does not part with its oxygen 
very readily, and therefore if the current be large and is being 
continued for any length of time, more hydrogen will be liberated 
than the MnO^ can deal with, and the cell will begin lo polarise. 
If it is then allowed to rest for a short time, the MnOj will bum 
up the hydrogen remaining, and the cell will be ready for a fresh 
start. It is for ibis reason that it is commonly used for inter- 
mittent current work. 

A cell that has found a certain amount of favour in this 
country with railway companies and others is that knoirn as the 
"Fuller bichromate" cell. In this an outer vessel of glass or 
porcelain contains a plate or plates of carbon in a solution of 
bichromate of po'.a.sh and sulphuric acid (1 of acid to 9 of 
water by volume). In the size most commonly employed, one 
carbon plale 6 by 2 in. is used, and to about 3 pints of the 
sulphuric acid solution from 3 to 4 oz. of bichromate of potash 



Gooi^lc 



104 ELECTRICAL ENGINEERING. 

is added. A thick zinc rod with a broad flat base is placed in a 
porous pot which stands in the outer vessel. Very dilute sulphuric 
acid is poured in, and about an ounce 
or so of mercuiy, which keeps the zinc 
always well amalgamated (see Fig. 35). 
The e-m.f. of this cell is high 
(nearly 3 volts), and it requires but 
little attention: Fresh crystals are 
added from time to time (depending 
on the amount of use), the solution 
in the outer vessel turning a blue tint 
instead of I he characteristic orange 
colour of the bichromate of potash 
when more crystals are required. The 
porous pot also requires emptying and 
refilling occasionally owing to diffusion, 
this action and also the internal resist- 
*"»£■ 35- ance depending on the degree of hard- 

ness and the thickness of the porous 
poL It, however, is su|>erior to the Daniell cell where large 
currents are required for long periods, such as is required in 
railway work. It is also considerably cheaper to make and to 
maintain, and equally reliable. , 

In cases where the current is only required-for a few secondsj 
such as in dropping an indicator, releasing an interlocking lever 
and the like, large-sized Leclanch^ cells are preferable, in that 
they require much less attention than any other cell. 

The chemical action that takes place in the " Fuller bi- 
chromate " cell when a current flows is represented as follows : — 
3Zn -h 3H.Sf ), = 3ZnS0, -I- 6H 
KjCr„0; -H 4HaS0i ■^ 6H = Cr.fSOJj -I- K.^SO^ -^ 7H„0. 
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ACCUMULATORS. 

If we place two plates of lead into dilute sulphuric acid, keeping 
them apart, and send a current through the acid from one plate 
to the other, the acid becomes decomposed, hydrogen being 
liberated at one plate (where the current leaves the liquid) and 
SOj where it enters the liquid, but S0( is able to decompose water, 
combining with the hydrogen to form sulphuric acid (H^OJ and 
liberating oxygen. We therefore get the same eifect as when we 
electrolyse water, but the addition of the sulphuric acid decreases 
tbe resistance very considerably. If we now reverse the current, 
we get hydrogen given off at the plate where formerly oxygen was 
given off, and vice versa. We notice, however, a peculiarity about' 
the plates. The last anode (or the plate where oxygen was 
given off last) has turned a dark brown colour, while the last 
Cathode appears grey coloured. Every lime we reverse the current 
we tirfH the colour of the two plates reversed, but we notice that it 
takes longer each time to effect the change, and also that the gases 
(oxygen and hydrogen) are not given off immediately the current 
is started, but with each reversal of the current a longer time 
elapses before gas appears at the electrodes. If we continue to 
reverse the current in this way for some long period of time we 
shall find eventually that several hours are required between each 
reversal before gas is evolved. 

When we examine the plates of lead we find that the surfaces 
have entirely changed. They are no longer hard metallic surfaces, 
but soft, porous, spongy masses. On testing the nature of the 
materials we find the dark brown substance to be pero.xide of 
lead (PbOj), and the grey substance on the other plate pure 
metallic lead in a porous or very finely divided condition. This 
has come about by the oxygen first eating into or rusting the plate 
of lead, then the hydrogen being liberated at this plate, combined 
with the oxygen to form water, leaving the lead in a spongy state, 
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and every time wc repeated the reversal the oxygen oxidised or 
rusted the plate a little deeper before gas was given off. 

Now if we take these two materials, viz., metallic lead in a 
finely divided state, and peroxide of lead, and place them in 
sulphuric acid, we find they give an e.m.f. of nearly 3 volts, the 
finely divided lead taking the place of the zinc in the primary 
battery, and the peroxide of lead (a substance rich in oxygen, and 
one that very readily parts with it in presence of hydr<^en) taking 
the place of the carbon with its manganese dioxide or other 
depolarising agent, and if we join the two plates together by 
suitable conductors we get a current through them which remains 
practically constant for a long time, depending on the strength of 
the current, The current, however, eventually begins to decrease, 
indicating that the e.m.f is falling, and if we still keep it connected 
up it will in a short time give no e.m.f., and the current will fall 
to zero. 

If we examine the plates we shall find that the finely divided 
lead has turned white, white the peroxide plate is a lighter brown 
than previously. On testing we find the lead plate has been 
converted into sulphate of lead (PbSO,), just as the zinc was con- 
verted into sulphate of zinc, but with this difference, sulphate of 
zinc being soluble in sulphuric acid solution, was found in the 
body of the liquid, whereas the sulphate of lead is perfectly 
insoluble, and consequently remains where it is formed. 

These two plates can be brought to their original condition 
again if we send a current through them in the reverse direction 
to that which we took from them. Oxygen and hydrogen will be 
liberated at the plates as before, and the hydrogen will combine 
with the SOj to form sulphuric acid, leaving the plate with a 
surface of finely divided metallic lead, while the oxygen on the 
other plate will reconvert it into peroxide of lead. 

This gives the cell the appearance of storing electricity, for we 
charge it up with a current for a certain time, and can then take a 
current from it at some future lime, and for this reason it is often 
called a storage cell or accumulator. This cell is used to a very 
tai^e extent in electrical engineering, and it is certainly by far the 
best cell known, for it gives a high e.m.f. compared with many 
primary cells. lis internal resistance can be made very small, for 
sulphuric acid is one of the best liquid conductors, and it will 
not polarise even when delivering large currents. We find them 
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employed in electric light stations to help with the supply at times 
when the demand is great, to supply the whole of (he power 
required through the night and early morning, and to act as a 
stand-by in case of a breakdown to the machinery, being charged 
up in the mornings and early afternoons. Also in stations 
supplying electrical energy to trains and tramways we find them 
nin in parallel with the dynamos, helping with the load when it 
suddenly becomes excessive, and absorbing power when it sud- 
denly decreases, thereby taking many of the injurious strains from 




Fig. 36- 



Fig. 37- 



the machinery that would otherwise occur. In fact, accumulators 
are to be found in almost every branch of electrical engineering. 

'I'iie process of manufacture, as described above, make it both 
lengthy and costly, though when so made they are stronger and 
better than when made by the process usually employed, which 
we will now consider. 

We see that what is required is to provide two lead plates, one 
coated with spongy metallic lead, the other with spongy peroxide 
of lead, and these can both be made by making a paste of red 
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lead (Pbg04) and sulphuric acid solution, putting a thickish 
layer on each of two roughened lead plates, and allowing it to dry. 
The common practice is to cast the lead plates into various grid 
shapes, some of which are shown in Figs. 36-38, and to (ill the 
holes with the paste, which should be well mixed, and about as 
stiff as thick cream. Some time is saved and the same result 
obtained if we use a pa?te made of litharge (PbO) for the negative 
plate, and the red lead paste for the positive plate. When the 
paste has been well squeezed into the grids, and made flush with 
the surface of the lead, they must be left till quite dry, preferably 
standing on end in racks, so that the air may get to every jiart of 
the plates. These pasted plates have then to be formed, one into 



peroxide of lead and the other into metallic lead, and this forma- 
tion is accomplished by sending a current through sulphuric acid 
solution, using the red lead plate as anode and the litharge plate 
as cathode. The current must be kept on for a long time at the 
start, especially if the cells are of lat^e size, say twenty-four hours, 
for if the plates are allowed 10 stand in the acid after a slight forma- 
tion they will be converted more or less into sulphate of lead, and 
the work will have to be done again. Afier the first long run, they 
must be charged each day for as long a time as possible until fully 
formed. All this time the oxygen and hydrogen, instead of being 
given off as gas, has been acting on the pasted plates, converting 
one into metallic lead and the other into peroxide of lead, and 
when this has been accomplished the gases will be freely given 



D.q,t,:scbyG0C>^lc 



A CCUM ULA TORS. 



109 



off, and the formation process is completed. In this case no 
reversal of the current is required, for the spongy nature of the 
materials is brought about by originally pasting it on in this form, 
and not by the action of the current. 

When the pastes are made we have for the positive plate — 
Pb^O^ + (2H,S0, + H,0) = PbO,+ 2FbSO^ + 3H,0 
and for the negative plate, if litharge is used, we have — 
3PbO f {jH^SO, + H,0) = 3PbSO^ + 4HP 
and these are left for ten or twelve days to dry. 

In forming, the sulphuric acid is decomposed in presence of 
water, in the pores of the spongy masses, and we get at the + 
plate — 

PbOj + 2PbS0^ + 4H,0 + zSOj = 3PbOi + 4HjS0j. 

At the - plate we get hydrogen liberated instead of SO^, which 
forms pure lead and sulphuric acid, thus — 

3PbS04 + 3H. = 3Pb + 3H,S0, 
or if red lead be used for - plate also, we have — ■ 

PbOj+2PbSO,+4H2 = 3Fb+2H^S04 + 2H,0. 

Sulphuric acid is therefore formed at both plates, and so the 
strength of the acid in the cell increases during the process of 
formation. 

The size of the cell is increased both by making the plates of 
larger size, and by taking a number of positive (peroxide) plates, 
and interleaving them with negative plates, joining all the positive 
plates together to form one large positive, and all the negatives 
tc^ether for the negative plate. Of course it is absolutely necessary 
that the plaies be prevented from touching each other, and there- 
fore insulating strips of ebonite or glass are inserted between the 
plates. The plates are not joined together by soldering, for with 
the acid fumes condensing on the joint it would soon be eaten 
away, owing to the formation of a primary cell at this part, as 
solder and lead in sulphuric acid will give an e.m.f. of their own, 
and the local action would soon eat away the joint. The method 
usually adopted for joining the plates is to burn the lead together, 
so that no other metal is employed. This process of lead burning 
refjuires a skilled workman for its neat and |Jerfecl execution, and 
care has to be taken to make a good joint, so that its sectional 
area shall not be less than that of the part leading to it. The 
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plates should be raised from the bottom of the cell by providing 
Insulating strips of glass, ebonite, or parallined wood for them to 
stand on, so that any of the paste falling away from the plates 
may drop to the bottom and not short circuit the cell. 

\Vhen the cell is fully formed the density of the acid solution 
should be i.zo, which is the density of a 28 per cent, solution by 
weight. As we discharge the cell the acid becomes weaker, for 
the lead plate is being formed into sulphate of lead, while the 
hydrogen by combining with the oxygen on the peroxide plate 
forms water, which diffuses through the body of the liquid. The 
density of the acid solution when discharged should be about 
r.178. 

In discharge we start with PbO^ on the positive plate, and 
we get— . 

3PbOj + 3H3SOJ + 3H2 = 3PbS0^ + 6Hp 
and on the negative plate, starting with pure lead, we get — 

3Pb + 3SO, = 3PbS04. 
Both plates are thus brought superficially to lead sulphate, and 
the e.m.f. falls when the acid is no longer able to diffuse through 
the pores into the interior portions, for the sulphate of lead so 
formed occupies a greater space than the lead or peroxide of 
lead, and so the formation of sulphate of lead on the surface 
closes the pores more or less, and thus restricts the further diffusion 
of the acid, and consequently the e.m.f. falls, even though there 
may still be plenty of metallic lead and peroxide of lead inside; 
but if the acid cannot get to it, it is of no use, and the capacity of 
the cell is dependent on the extent of diffusion. 

The cell has now to be charged up once more, and we get on 
ibe + plate — 

3PbS0j + 6HjO + 350^ = 3PbOg + 6H^0, 
and on the - plate — 

3PbSO, + 3Hj = 3Pb + jH^SOv 

The discharge current should not exceed a certain value, 
depending on the size of the cell and on the form of the grids. 
The maximum discharge current for any given cell will be spiecified 
by the manufacturer, who will also give the capacity of the cell in 
ampere hours. Thus a cell may be stated to be of 500 ampere 
hours capacity, and the maximum discharge current to be 50 
amperes. Then this cell should be able to deliver a current of 
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JO amperes for lo hours. But the capacity of a cell depends in 
part on the rate of discharge. If the cell mentioned above be 
discharged with a current of to amperes, it would probably con- 
tinue delivering this for more than 50 hours, and the smaller 
the discharge current the larger is its capacity. This is shown 
graphically on the curve. Fig. 39. 

The cell is said to be discharged when the e.m.f. has fallen 
to 1.8 volts. If we continue to discharge it beyond this point, it 
rapidly falls to zero, and the plates will become excessively smI- 
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Fig. 40- 

phated, and difficult to rechai^e- Therefore when the e.m.f, of 
any cell has fallen to 1.8 volts, it should be taken from the dis- 
charge circuit and recharged as soon as possible. I'ig. 40 repre- 
sents the curve of e.m.f of a Cell during charge. It starts at 
1.8 volts, and quickly rises to a little under z volts. It remains 
practically steady for some hours at this e.m.f., with a slight 
upward tendency until it is nearly recharged. At this stage 
the e.m.f. rises again rapidly until it reaches 2.4 volts, and gas 
is then given off freely, giving the solution the appearance of 
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boiling. This final rise from a little over a to 2.4 volts is due 
to the concentration of the acid in the pores. When the cell 
was discharged the plates were more or less converted into PbSOj, 
and now on charging we get hydrogen liberated where the current 
leaves the liquid, that is, in the pores of the spongy lead plate, 
and this combines with the SOj forming H^SO^ — strong sul- 
phuric acid — and the e.m.f. depends not only on the nature of 
the materials, but in this case on the strength of the acid also, 
as can be shown by placing a spongy lead plate and a peroxide 
of lead plate into acids of various strengths, and measuring the 
resulting e.m.f. It is also borne out by the fact that after the 
cell has stood long enough for this concentrated acid to diffuse 
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Figs. 41 and 41. 



out, the e.m.f. falls to its normal value. If therefore we use the 
cell directly after charging, we get an e.m.f. wtiich will be high at 
the start, and which will rapidly fall to slightly over 2 volts, con- 
tinuing to fall from this point at a very much slower rate till it 
reaches 1,8 volts, when it should be again charged up. Fig. 41 
gives a curve of discharge, starting from the time the charging 
current was stopped. If after charging we allow the cell to stand 
for an hour, we get a curve of discharge as represented in Fig. 42. 
These cells should never be allowed to stand for any length 
of time in an uncharged state, for the plates will become excessively 
sulphated by standing in the acid in this condition, and then it 
is a much more difficult task to recharge ihem, taking a much 
longer time with a proportionally larger amount of energy. If 
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they are to be left standing idle at any time they should be first 
charged up fuliy, and a further charging current sent through 
them once a week if possible to keep them in condition. 

This weekly charge is necessary because the cells dischaige 
themselves slowly if allowed to siand, owing to local action. 
On the peroxide plate we have peroxide of lead and metallic 
lead in sulphuric acid, consequently we have on this plate all 
the essentials for a cell complete in itself, and currents will 
circulate from the lead through the acid to the peroxide and 
back through the lead body of the plate. These local currents 
will in time discharge the cell, and consequently if they are to be 
kept in good condition and ready for use at a moment's notice 
they require a periodical chatting for a short time. 

The repeated charging and discharging of the cell slowly 
converts the lead grid into peroxide of lead. This prevents local 
action to a certain extent, and increases the capacity of the cell, 
which therefore has the appearance of improving with use. This 
action continues till a point is reached where the grid is so 
weakened that it is no longer able to support the weight of the 
peroxide of lead, and the plate then falls to pieces. 

It is for this reason that great care must be taken in handling 
positive plates which have been in use for some time, for a little 
rough treatment may entirely destroy them. 

When cells have become excessively sulphated it is extremely 
difficult to recharge them, and a large amount of time is often 
necessary before any appreciable effea is made. In such cases 
it is sometimes advisable to take out the acid and put in a 
solution of sodium sulphate. This 

under the action of the charging ^ 

current will soften the plates and ^ J 

bring them to their original colour. p» /^ ■ " ~ ^^ 

The sodium sulphate solution should ^x ^ y?^^'' /J 

then be poured off, and the acid /^ ' / 

replaced in the cell, and the chai^- " " ' 

ing continued till the process is ^B- *3- 

complete. 

The acid has a great tendency to creep over the tops of the 
cells, and when this occurs the supports soon become coated with 
the acid, forming a partial short circuit. To prevent this the tops 
of the cells should be coated with paraflin wax, and the cells 
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should stand on oil insulators. One of the forms employed is 
shown in Fig. 43. One of these would be placed at each corner 
of the cell, and the recess filled with heavy petroleum or other 
insulating oil. 

If the cells arc large and the space limited it is usual to 
arrange them in rows or tiers one above the other, and in this 
case it is best to allow enough space to take the plates from any 
cell without moving the cell bodily, for the weiglit of the whole 
cell is often very great. 

When the cells are fully formed, gas is given off freely, oxygen 
at one plate and hydrogen at the other, The same occurs at the 
end of each charging, and the gases carry off some of the acid, 
which is not only very disagreeable but injurious to the surround- 
ing objects, unless they are protected with some insulating material. 
To prevent this to some extent, glass plates are often placed over 
each cell. These catch the acid and allow it to drop back into 
the celt. The gases should not be allowed to accumulate, for 
the mixture of oxygen and hydrogen is explosive, therefore the 
accumulator room should be properly ventilated, and naked 
lights should not be used for examination of the cells. A small 
portable incandescent lamp is very convenient for this purpose. 

In the absence of the miker's definite figure for the maximum 
discharge current, we may reckon on say i ampere for every 
13 sq. in. of posiCve surface, reckoning both sides of (he plate. 
Thus a positive plate 4 in. square will have 32 sq. in. of surface, 
and the maximum discharge current for this will be ^^ = 2.7 

amperes. But the different makers give very different figures for 
the various forms. Some are known as slow discharge and others 
as rapid discharge cells, and the figure given above would be that 
of a slow discharge cell, and it would be best to work at this rate 
until reliable information as to the maximum dischai^e rate has 
been obtained, 

The cells now being supplied for traction work by the Tudor 
Accumulator Co., the E.P.S. Co., and others, will have a much 
higher discharge rate. The positive plates are made in the form 
shown in Fig. 36, and are not pasted, being formed by the original 
process of peroxidising the surface of the lead plate itself. It is 
made in the form shown so that the surface may be as lai^e as 
possible. Plates made in this way are stronger than the pasted 
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form, and will allow of a much lai^er maximum discharge current 
without injury. The negative plates used with these are of the 
ordinary pasted form. 

If the maximum discharge current is exceeded, (he plates will 
buckle owing to the lai^e amount of chemical action taking place 
in them. This straining causes the paste to loosen and eventually 
fall away from the plates. If the plates buckle sufficiently to come 
into contact the cell will be short circuited, and in all probability 
entirely ruined. It is therefore of the utmost importance that the 
maximum discharge current should not be exceeded. 

The efficiency of accumulators is measured by the watt hours 
got out divided by the watt hours put in, not by the ampere hours, 
because in charging a higher e.m.f. is required than that given by 
the cells, for we have to overcome their back e.m.f, before we can 
get a current through them, and the current that flows is equal to 
the e.m.f. employed (called the impressed e.m.f,) minus the back 
c.m.f. of the cells, divided by the total resistance of the circuit, or 



Q. I. A compound wound dynamo producing a terminal poten- 
tial difference of 150 volts is used to charge 60 stor^e cells, each 
having an e.m.f. of 2.2 volts and a resi.stance of .001 ohm. If 
the leads joining the dynamo and cells have a resistance of .2 
ohm, what will be the current generated ? (C. a?id G. Examination 
Electric Light and Power, 1897.) 



-' = — = 69. 2 amperes. 



(60 X. 001) + 

Q. 2. A battery of 55 accumulators is charged with a cuirent 
of 50 amperes, the p.d. on it being adjusted to keep the current 
constant. During the charging, which lasted for 8 hours, the 
mean p.d. employed was 137 volts. In discharging the mean 
current was 60 amperes, and after 6 hours the e.m.f. had fallen 
to 99 volts, the mean e.m.f. during discharge being 110 volts. 
What was the efficiency of the battery ? 

^, n- . watt hours sot out 

The efficiency = -B _ 

watt hours put m 

~>. a- . 110x60x6 QQ 

ITie efficiency = — ■ — = -'i- =72 per cent. 

r37X5ox8 137 '' 
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CHAPTER IX. 

INDICATING INSTRUMENTS— AMMETERS, VOLT- 
METERS, OHMMETERS. 

In previous chapters we have many times spoken of the ammeter 
and voltmeter as instruments for measuring the current and the 
e.m.f. These instruments depend for their action on one of the 
effects of an electric current 

We have studied three different effects, viz., a magnetic effect, 
a heating effect, and an electrolytic effect, and either of these 
might be utilised for indicating the current or e.m.f. The first 
is used to a very large extent, the second to a less extent, while 
the third is seldom or never utilised in practical work for indicating 
instruments. 

In ail instruments depending on the magnetic effect a coil of 
wire is employed. The current in passing round the coil creates 
a magnetic field through the centre, which in some is made to act 
upon a small piece of iron pivoted inside ihe coil attached to a 
pointer, so that by the movement of the piece of iron the pointer 
is moved over the scale. A controlling force is provided which 
increases as the magnetic pull on it increases, so that the indica- 
tions of the pointer may be proportional tu Ihe current. This 
controlling force often takes the form of a fine spiral spring, 
similar to the hairspring in a watch, but made of some non- 
magnetic material. In others the force of gravity is employed as 
the controlling force. 

The one essential difference between the ammeter and the 
voltmeter is in the resistance of the instruments. The same move- 
ment will serve for either, but if it is required for an ammeter 
the resistance must be made as small as possible, while if it be 
required for a voltmeter the resistance must be made as large as 
possible. The reason for this is simple. The ammeter, if it is to 
measure any given current, must be put into the circuit, and the 
whole current passed through it, and if it had any appreciable 
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resistance it would alter the current Rowing, owing to the inser- 
tion of its own resistance, and again it would cause a large voltage 
fall on itself, for the voltage lost on the nmineter is (as in any 
Other part of the circuit) equal to the current flowing through the 
ammeter multiplied by the resistance of the ammeter, and there- 
fore if the resistance is small, the voltage spent on it will also be 
small, and ils insertion in the circuit will consequenlly cause no 
appreciable drop in the voltage at any given part of the circuit. 
We have also seen that the power lost at any part is equal to c'r, 
and conse(]uently if R be large, we should have a fair amount of 
power lost in the ammeter, and as the ammeter commonly remains 
in the circuit continuously, we should have this continuous loss 
of power, therefore the resistance of an ammeter should be made 
as small as possible, which means that the wire on the coii must 
be made both short and thick. The voltmeter, however, is always 
connected as a shunt across the points where the difference of 
potential is to be measured, and is never put into the main circuit. 
Now we have seen that the voltage between any two points of the 
circuit depends on the resistance between the points and on the 
current flowing, and if the voltmeter had a low resistance it would 
considerably lower the resistance between any two points it may 
be joined across, and consequently the voltage between the two 
points would be considerably reduced by the application of the 
voltmeter, which would prevent a true reading of the voltage 
being obtained. We see therefore that the voltmeter must have 
such a high resistance that it will cause no appreciable fall in the 
resistance between any two points it may be joined across. In 
some instruments the vohmeter resistance will approximate to 
100 ohms per volt, so that a voltmeter to read 100 volts would 
have a resistance approaching 10,000 ohms, while an ammeter to 
read to 100 amperes would have a resistance of roughly .001 ohm. 
But if the same movement is to serve for both instruments, it 
is essential to provide the same strength magnetic field for both 
when indicating the maximum reading. The strength of the mag- 
netic field required depends on the strength of the controlling 
force and on the friction at the pivots, and when the movement 
has been designed and settled, then a certain strength field is 
required to move it over the full range of the scale, and this field 
has to be provided whether it be used for a voltmeter or an 
ammeter, or whether it be used for low values or high. Thus, 
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suppose 300 ampere turns be required to provide the necessary 
field, then in the ammeter reading to a maximum of 100 amperes, 




3 turns will he required on the coil, so that when a current of 100 
amperes flows through it, we get the required 300 ampere turns. 
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In the voltmeter, reading to 100 volts, and having a. resistance of 
say 5,000 ohms, the current that flows through it when indicating 
the maximum voltage will be j'ao(F=°^ ampere, and as we want 
300 ampere turns we must provide 15,000 turns, and we can only 
do so by using extremely fine wire, which will have a high resist- 
ance, but that is just what we want, and therefore the high 
resistance of the instrument is best got by using very fine wire on 
the coil, instead of by adding a resistance in series wilh it, for 
with the latter we would not get the required ampere turns with 
so small a current in many cases. 

We will now consider the construction of various types. 
Fig. 44 shows the details of an ammeter made by Messrs Crompton 
& Co., which can be used with direct or alternating currents, pro- 
viding a separate scale is employed for each. The outer case is 
made of brass, and is pierced nil round with holes to ventilate it. 
The coil c which is wound to suit the current to be measured, 
consists of a brass bobbin insulated from the case by ebonite 
collets and washers, and wound with insulated copper tape, the 
winding being in two sections side by side in opposite directions, 
the inside ends of the two sections being soldered to the bobbin, 
while the outer ends are connected to the terminals t, and t^ 
which are insulated from the outer case by ebonite collets. The 
currents to be measured flow through the two sections of the coil 
in similar directions, and create inside the coil a Field propor- 
tional to the current. This field is strongest close to the wire, 
and falls off in intensity as we approach the centre. 

Inside the coil a brass bridge piece is fixed near the top, 
carr>'ing an arbor pivoted in jewel-ended screws. The arbor 
carries a small piece of iron which normally lies near the centre 
of the coil. It also carries the pointer and a small balance weight 
seen in the illustration. 

When a current passes through the coil, the small piece of 
iron becomes magnetised, and being very thin, is saturated with 
a small number of ampere turns. The iron is now attracted to 
the strongest part of the field, that is, near to the side of the coil, 
but in so doing it rises against the force of gravity, and the up- 
ward pull of the magnetic field (which depends on ihe strength of 
the current) and the downward pull due to the action of gravity 
balance each other, and in this way the movement of ihe pointer 
indicates for us the strength of the current. 
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or course all these instruments have to be calibrated, that is, 
known currents must be sent through them, and the movements 
of the pointer over a temporary scale noted, then after plotting 
a curve with the values obtained a new scale can be made and 
fixed. 

The known currents may be measured with a voltameter 
vessel as described in Chapter VII. To do this we could take a 
silver voltameter with carefully weighed silver electrodes, and place 
this in series with the ammeter, having first affixed a temporary 
degrees scale. Now send a current through both from a few 
accumulator cells, noting the time the current lasts (in seconds), 
and also the reading of the ammeter. Next take out the cathode, 
wash it, dry it, and carefully reweigh it. The increase in weight 
in grams divided by the electro-chemical equivalent of silver = 
.00118 will give us the number of coulombs passed through the 
circuit, and this again divided by the time in seconds will tell us 
the current. The operation can now be repeated with ^-arious 
currents, measuring each in the way indicated, and noting the 
corresponding indications of the ammeter needle. These values 
when plotted in a curve give us the indications of the pointer for 
evtn values of the current, and the new scale can be constructed 
accordingly. 

This instrument when completed could be used to put in 
series with others for calibrating purposes, in place of the volta- 
meter vessel, and used as a standard, providing it is itself very 
accurately calibrated, and also providing it be checked frequently 
with the voltameter to see that it remains correct 

There are other methods of measuring the standardising 
currents. One involving the use of an instrument called the 
" potentiometer " is both very accurate and very quickly performed, 
and is a method commonly employed, but the description of this 
instrument and the method of using it for the measurement of 
current strength and e.m.f. will be treated in a subsequent chapter. 

Fig, 45 shows an instrument made by the "Weston " Electric 
Instrument Company with the cover removed. A large permanent 
magnet of n shape is supported by a gun-metal casting screvred 
to the ends of the limbs, and the whole of the working part is 
built up on this magnet independent of the case, so (hat the 
movement can be removed bodily from the case by simply taking 
out one screw which holds the gun-metal casting in its place. 
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The inside polar Taces of the magnet .ire surfaced up so as to 
come closely into contact with drought-iron pole pieces which are 
bored out to about i in. diameter, and fixed rigidly in their place 
with screws passing through the limbs of the magnet. To these 
pole pieces a second gun. metal casting is screwed, which forms 
a support for a soft iron cylinder \ in. diameter inside the bored- 
out pole pieces, and also a support for the scale. The soft iron 
cylinder fills up most of the space between the pole pieces, 
allowing an air space at either side of \ in,, and in this space a 
fairly strong, uniform, magnetic field exists. A coil of fine insu- 
lated copper wire of about twelve turns is wound on a thin brass 
frame, lai^e enough to embrace the soft iron cylinder, with free- 




Fig. 46. 

dom to move in the space between it and the pole pieces. This 
is pivoted in jewelled bearings which are screwed to the pole 
pieces, but insulated from them, forming little bridges across, and 
the ends of the coil are connected to these bridge pieces by spiral 
springs, one at the top and the other at the bottom of the coil, 
the springs being wound in opposite directions, so that when one 
is twisted up by a movement of the coil the other is untwisted. 
This arrangement corrects for any variation in tem[)erature, for 
the effect on one spring would be counteracted by the opposite 
effect on the other. The coil normally lies at 45° to the line 
joining the poles of the magnet, and consequently the magnetic 
field created by a current in the coil will be displaced relatively to 
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the field of the horseshoe magnet as shown in Fig. 46, and the 
lines in tending to shorten themselves twist the coil through a 
certain angle against the reaction of the spiral springs, the angular 
movement of the coil depending on the strength of the current in 
the coil and the strength of the field in which it is placed. 

To the coil is attached a pointer of aluminium, the whole being 
balanced so that the instrument can be read in any position, and 
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the pointer and scale are bent up so as to come near the front of 
the case. 

In this instrument the whole current does not go through the 
coil, but only a small fraction of it. The main part of the current 
crosses from one terminal to the other by a broad strip of metal 
under the base of the instrument, while the coil is placed as a 
shunt across the terminals, or as a conductor in parallel with the 
metal strip (Fig. 47), and consequently the ratio of the currents in 
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the strip and in the coil will be inversely proportional to their 
resistances (see Chapter III.)- Now with a given strength magnetic 
field due to the magnet, and a given elasticity of the spiral springs, 
it will require a certain number of ampere turns in the coil to 
produce the full deflection on the scale. This can be secured 
by adjusting the resistance of the strip connecting the terminals 
so that the same movement will do for any instrument. Thus, 
suppose the instrument were required to read to a maximum of 
lo amperes, and we required i ampere in the coil to give the 
maximum deflection, then the resistance of the coil must be 9 
times that of the strip, so that the current will divide at the 
terminals, yg going through the metal strip and yV through the 
coil. If the instrument is required to read to a maximum of 
100 amperes, then the metal strip must have 99 times less re- 
sistance than the coil, and the current will then divide at the 
terminals, -^^j^ going through the strip and -^ going through the 
coil, which will give a reading to the full range of the scale as 
before. By the arrangement of the pole pieces and wrought-iron 
cylinder the field due to the permanent magnet is practically 
uniform over the range of movement of the coil, and so the scale 
is proportional throughout. Should the permanent magnet vary in 
strength, the instrument would not read correctly, but the magnets 
are so treated that the falling olT in strength over a number of 
years is inappreciable. 

The voltmeter movement is exactly the same as that for the 
ammeter, but the terminals are not connected together with a 
metal strip. In this case the resistance of the instrument has to 
be as large as possible. A high resistance coil is therefore placed 
in series with the moving coil, and fixed under the base of the 
instrument, and the moving coil is wound with very flne wire, 
having therefore more turns than the ammeter coil. The extreme 
sensitiveness of these instruments is due lo the moving coil being 
placed in the strong magnetic field of the permanent magnet, the 
torque or turning effort of the coil depending on the current, on 
the number of turns, and on the strength of the field, and as this 
field strength is large, the ampere turns can be made proportion- 
ally small. The brass coil frame moving in the field has currents 
induced in it which tend to stop the motion producing them. 
This makes the movement perfectly dead beat, the needle coming 
to rest almost immediately without any vibration whatever. 
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Fig. 48 shows another type of ammeter, whose indications 
depend on the heating efTect of the electric current, commonly 



m ~~ 




[0j> 

Fig. 48. 

known as a hot wire instrument Under a brass plate A two 
terminals t, t, are fixed, and insulated Trom it. These are joined 
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by a metal strip ms, seen in the illustration in broken lines. Two 
pins p, Pj rise from opposite corners through holes in plate a, and 
Pj is connected to an insulated copper strip cs fixed on the upper 
face of A. A second brass plate b is fixed about \ in, from a, 
and forms a little more than half a disc, so that it only partially 
covers A. Fixed to the left-hand side of b is an adjustable brass 
clamp BC to which one end of the wire w is attached, the other 
end being fixed to a small pillar d. This pillar is supported on a 
strip of ebonite which is rigidly fixed lo b near the centre, but 
otherwise free from it, and Ihe pillar is electrically connected to b 
by a wire. The copper strip cs is connected to wire w by means 
of a very fine spring curling over the edge of B, and making 
contact about half-way down. A little to the right of this a fine 
wire is attached, the other end of which is fixed to the insulated 
pillar F, and near the centre of this wire is attached a fine silk 
thread which passes round a pulley, pivoted in jewels, the other 
end of the silk thread being fixed to a sleel spring s. The pivot 
carrying the pulley also carries an aluminium pointer and an 
aluminium disc the rim of which moves between the poles of a 
permanent sleel magnet m fixed to B. A wire is connected from 
Che plate b to p^. 

When the terminals are joined to the circuit a large fraction 
of ihe current passes from one to the other across the metal 
strip MS, but a certain fraction passes from p, to cs through spring 
to wire w, dividing at this point to bc and to u, uniting again at 
(he brass plate «. This shunt current can be made any fraction 
of the total by adjusting the resistance of the metal strip, as was 
explained in connection with the Weston ammeter. The current 
in flowing through the wire w heats it, the heat being proportional 
to the square of the current and to the resistance ; the wire con- 
sequently expands, and the expansion is taken up by the steel 
spring S, which causes the pointer to move over the scale. The 
aluminium disc moving between the poles of the permanent steel 
magnet has eddy currents induced in it which tend to retard the 
motion which produces them ; this brings the pointer to rest 
without vibration as in the Weston instruments. 

The ebonite strip is to compensate for variation in temperature 
which otherwise would not give the same ratio of expansion of the 
wire w and brass plate it,- The ebonite contracts slightly when 
warmed, and by choosing the right length the tension on the 
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wire w is kept practically constant within certain variations of 
temperature. If the pointer does not point to zero at any time, 
it can be made to do so by turning the small screw at the side 
of BC, thus increasing or diminishing the tension on the wire w. 

This instrument will do for either direct or alternating currents, 
and is unaffected by external 
magnetism. Its indications have 
a certain lag, for time must be 
given for the whole to reach its 
final temperature for any given 
current. Care must be taken in 
its use, for if too large a current 
be sent through it, the fine wire 
w will be fused. This of course 
is prevented by placing in its 
circuit a piece of fuse wire which 
will melt with a less current than 
would be required for fusing the 

A well-known voltmeter work- 
ing on this principle is illustrated 
in Fig. 49. It is known as the 
Cardew hot-wire voltmeter. In- 
side the circular brass box are 
fixed two pieces of vulcanised 
fibre vt^,. The left-hand piece 
supports two spring clips on its 
face and two angle pieces of 
brass on its side. One clip is 
connected to the insulated ter- 
minal T, while the second clip is 
connected to one of the brass 
angle pieces. Two german silver 

spiral springs are attached one to each of the brass angle pieces, and 
the other ends of the spiral springs are joined to very fine wires of 
platinum silver .0025 in. diameter. These two wires are con- 
nected together at the top by an insulated brass pin running 
through a four-armed brass casting carrying a pulley set in jeweU 
at its upper end, this piece being screwed to the top of a tube 
3 ft. in length, made of brass for two-thirds of its length and of 
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iron for the remaining length. A connection is made by a very 
fine flexible wire, from the last spiral spring to a third length of 
the line platinum silver wire, which also runs up the tube, over 
the pulley at the top, and down again to the adjustable brass piece 
attached to the second vulcanised fibre block vf^ Thus all four 
wires in the tube are in series. A line silk thread is attached to 
the free end of the third length of platinum silver wire, which is 
led round a pulley similar to that described in connection with 
the hot-wire ammeter, and the end is attached to a german silver 
spring GS3 at the bottom of the circular box. The adjustable 
brass arm on vf^ is connected to terminal t^, and the two clips 
on VF, are connected by a fuse wire that will melt with a smaller 
current than would be required for fusing the fine wires in the 
tube. The pointer in this case is not attached to the pivot 
canying the pulley, but to a second one connected to the first 
with fine spur wheels, so that the movement of the pulley is 
multiplied up, and to prevent backlash due to any wearing of the 
teeth the one is pressed against the other with a fine hair-spring. 

If now the terminals be connected to any two points at a 
difference of potential, a current flows from t, to fuse, and through 
the german silver spring up one length of wire, down another to 
the second spiral spring, then by the fine wire connection to the 
third length of wire over the pulley, down the fourth length of 
wire to the adjustable brass arm, and so to t.^. The current in 
passing down the two first lengths of wire will heat them and 
cause expansion, which is taken up by the spiral springs at the 
bottom. There is also a similar expansion in the other two wires, 
and this is taken up by the german silver spring ess at the 
bottom, and in so doing gives a twist to the pulley, and through 
the gear to the pointer. 

This is r^libiated to read in volts, and usually has a degree 
scale as welL To bring the pointer to the zero on the scale a 
screw S can be turned which presses against the adjustable arm aj. 
This screw is insulated where it comes through the case. The 
tube is made of two metals in different proportions, so that the 
tube and wires may expand at the same rate with alterations in 
temperature. Two out of the four lengths of wire in the tube are 
put in simply to increase the resistance. 

These instruments are found to work best with the tube in a 
horizontal position, for when vertical the heat from the lower 
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portions of the wire ascends to the top of the tube, and the 
u|»per part of the wires becomes much hotter than they 
should. 

As a specimen of electro -static inslrument we may take Lord 
Kelvin's electro-static voltmeter. These instruments are made in 
three distinct types, which cover a range from 40 to 100,000 volts. 
For the smaller values a multicellular arrangement is employed. 
Here 15 aluminium vanes, butterfly shaped, seen in Fig, 50, arc all 
connected to a vertical spindle at a uniform distance apart- The 
lower end of the spindle carries a small metal disc which moves in 
a tube at the base of the instrument containing oil, and forms a 
very efficient damper. This spindle with the vanes attached is 
suspended from a support in connection with the outer metal case 
by a platinum-iridium wire, and a pointer formed of a piece of 
aluminium wire is rigidly attached to the spindle and lies in a 
horizontal plane, the end of the pointer being bent at right 
angles so as to lie over the scale which is fixed in front of the 
instrument. 

Partially embracing the aluminium vanes are 15 sector-shaped 
boxes made of triangle-shaped brass plates, fixed horizontally to 
two brass plates at one edge. 'I'wo sets of these boxes are very 
carefully insulated from the case, and supported by it, so that the 
aluminium vanes are free to move between the sectors against the 
torsion of the platinum-iridium suspension, and the pair of sector- 
shaped boxes are connected together and to an insulated terminal 
on the containing metal case. 

The spindle passes through two small guide holes to prevent 
the moving part from accidentally coming into contact with the 
fixed sectors, and two plates of insulating material prevent the 
vanes from swinging too far. 

If now the case and therefore the suspended aluminium vanes 
be connected to one point in a circuit, and the tixed sectors to 
another point, they lake opposite charges depending on the 
difference of potential between the two points to which they 
are connected and on the capacity of the instrument Mutual 
attraction is thereby set up between the fixed sectors and the 
aluminium vanes in their endeavour to increase the capacity. 
The maximum capacity and therefore the maximum deflection is 
obtained when the aluminium vanes are completely covered by 
the brass sectors. 



D.q,t,:scbyG0C>^lc 



130 ELECTRICAL ENGINEERING. 

The quantity of electricity whtcli goes to charge the brass 
sectors and aluminium vanes 

= Q = vc, 
where v is the difference of potential between them and c is the 
capacity. The force of attraction between them 



Fig. SO. 

where q, and Q., are the quantities of electricity on the sectors and 
vanes respectively, and d is the distance Iwtween them. 

Suppose now we double v, then both q, and q^ will double also. 
Therefore f will be four limes as great as before, which gives rise 
to a movement of the aluminium vanes till the force of attraction 
is balanced by the force of torsion on the suspending wire. The 
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force of attraction is therefoTe proportional to the square of the 
potential difference. 

The outward appearance of the inslrumeiit is shown in Fig. 50, 
and a diagrammatic view of the working parts in plan is given 
in Fig. 51. 

For the higher values only two sector boxes arc employed, and 
these are arranged in a vertical direction with the aluminium vane 
supported on knife edges from a horizontal support at the centre, 
the vane in this case being larger and slightly different in shape. 
At its lower end a small stirrup is provided on which small weights 
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of aluminium wire can be hung. These weights increase the range 
of the instrument by increasing the controlling force, which in this 
case is due to gravity. 

These instruments are arranged in metal cases which screen 
them from any electro-static disturbances from outside. They are 
equally accurate with alternating and direct currents, and absorb 
absolutely no power. They are also indei>endent of changes in 
periodicity on an alternating current circuit. 

The insulation resistance of electric-light wiring, street cables, 
dynamos, &c., where no great accuracy is required, is often 
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obtained by direct reading on an ohmmeter. This instrument, 
made by Messrs Evershed, consists of three coils, the axis of one 
being between and at right angles to the axis of the other two, 
as shown diagrammatically in Fig. 52. Inside the centre coil is 
a small astatic needle of iron magnetised by the current in 
the coils AB. To the spindle carrying the needle a pointer is 
attached which indicates on a graduated dial marked direct in 
ohms and megohms. The two coils a and B are of high re- 
sistance, and are connected in series, the ends being connected 
to two terminals on the top of the instrument a and b; a k 
also connected to the centre coil, the other end of which is 
connected to a third terminal c A fourth terminal d is also 



Fig- S»- 

provided, which is connected to (^ by a wire under the cover of 
the instrument. 

A small magneto-generator or hand dynamo, with permanent 
steel magnets, capable of developing an e.m.f. of from 100 to 1000 
volts when driven at about 60 or 70 revolutions per minute, is 
provided with the ohmmeter, and when in use it is connected to 
terminals a and b, the -I- and - mains being connected to c and 
d with all tamps out and alt switches on. 

When the magneto-generator is run up to speed a current flows 
through coils a and b, creating a field along the axis of the coils, 
and so holding the needle in the same line. The pointer in this 
position points to infinity, for when the needle is in this position 
there can be no current in the coil c, and therefore the resistance 
of that circuit is infinitely great. But if cd tje connected up to the 
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mains in the way described, a small current will flow through the 
insulation from one main to the other, the strength of which 
depends CD the resistance of the Insulation. If therefore we get a 
large movement of the needle, it follows that the current in c is 
larger than when the movement is less, and therefore the resistance 
between c and d is less. It is evident that we could calibrate the 
scale so that the pointer indicates by its movement the resistance 
between c and d starting from infinity. Variations in the e.m.f. 
due to \'ariations in the speed of the magneto generator do not 
affect the result, for it affects the deflecting force and controlling 
force to an equal degree. 

This instrument is useful in workshops and places where a 
Wheatstone bridge is unworkable except by highly skilled operators, 
for it enables faults to be detected while the work is in progress 
by wholly unskilled workmen. 

The magneto-generator employed should develop an e.m.f at 
least equal to the working pressure of the dynamo, cable, &c., 
under test, and it is better to make the test under twice the 
normal working pressure if possible. 
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CHAPTER X. 

ELECTRlCITy SUPPLY METERS. 

We now turn to consider a different type of instrument, viz., the 
electricity supply meter. To the engineer it is a very important 
instrument, for on its accurate reading depends the return for the 
power supplied, and when it is remembered that many companies 
have not one but often several thousand meters connected to 
their mains, it is seen that unless they be accurate and reliable 
a very fair loss may arise in the annual returns. Of course the 
instrumental errors may be on the other side, and the meter, if 
inaccurate, may indicate too much ; but this is almost as unsatis- 
factory to the engineer, for the consumer becomes dissatisfied, 
and is ofien sending complaints, especially when the bills are 
sent in, and he soon gels the idea that electricity is an expensive 
illuminant For this reason the meter should be checked occa- 
sionally, but not too frequently, say once a year, or, if of a reliable 
and well-tried make, say once in three years. 

In the early days of electrical engineering it was usual to 
charge so much per lamp per annum, but this soon proved un- 
satisfactory, for certain consumers required the power for much 
longer times than others, which made the cost very unequally 
divided, and led to very great waste of energy, for there was no 
incentive to turn off the supply when done with, and it was not 
till a fairly practical meter was invented that an electrical supply 
to the public became a commercial success. 

The supply meter has to measure the power and also the time 
the power is used, that is, it must record the total work repre- 
sented by the power consumed, for work done is equal to " power 
X time." It has therefore to record the product of volts, amperes, 
and time in certain units that have been adopted by the Board of 
Trade. The unit is consequently known as the " Board of Trade " 
unit, and is equal to i,ooo volt nmpere hours or i,ooo watt hours. 
Thus if we use a current of lo amperes under a pressure of loo 
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volts for I hour, then we have consumed i Board of Trade unit, 
for which we must pay the price charged by the particular com- 
pany from which we obtained the supply, this varying considerably 
according to locality. 

Now a meter may be made to record Board of Trade units by 
simply integrating current and time, for the supply company are 
bound to keep the pressure practically constant, and therefore 
the ampere hours can be converted into watt hours by a constant 
multiplier, 100 or zoo, as the case may be. But even this is un- 
necessary, for the meter can be calibrated and marked in Board 
of Trade units, which will then be correct for one particular 
voltage circuit but for no other. Thus, suppose the current be 
10 amperes, and it be kept on for t hour, then if the supply be at 
100 volts, the indication of the meter could be marked "one" 
Board of Trade unit. If now this same meter be connected to a 
aoo volt circuit, and 10 amperes again flow through it for i hour, 
it would still read one Board of Trade unit, whereas now it should 
read hoo units. Such meters, which take no account of differences 
in pressure, are known as ampere-hour meters, while those that 
indicate true power on any voltage circuit are called watt-hour 
meters. 

Meters of all kinds can be divided into three groups— (i) 
Those intended for direct current circuits only ; (2) those intended 
for alternating current circuits only; and (3) those intended to 
work on either direct or alternating current circuits. 

A good meter should embody the following conditions — (1) 
Accuracy at all loads ; (2) should start from rest with a very small 
current ; {3) there should be no possibility of tampering with it ; 
(4) it should be unaffected by external magnets, iron masses, and 
extreme differences of temperature; {5) it should consume very 
little power and cause no appreciable fall in the pressure; (6) it 
should be dust proof and damp proof; (7) must not be very 
expensive. 

As already pointed out, the first of these conditions is of 
very great importance to the consumer and engineer alike. The 
second is of all importance to the engineer, and of no consequence 
to the consumer, for if {as was often the case with early forms) the 
consumer switched on one lamp, and the current taken by it was 
not sufficient to start the meter, he might keep it alight continu- 
ously, and l)e charged nothing for the power consumed. This in 
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a single case may not be a large item, but if there are several 
hundreds or thousands of such meters installed it becomes a very 
considerable item indeed. 



Fig- 53- 

Some unscrupulous persons have been known to exercise 
their ingenuity in arranging a large magnet or piece of iron in 
such a position close to the meter as to greatly afiect its true 
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indications, hence the importance of the third condition. The 
remaining conditions will be self-evident. 

Let us now consider certain types, and see how far they 



Fig. 54- 

conform to the conditions laid down. We will start with a well- 
known instrument known as the "Chamberlain & Hookham" 
meter, considering only the latest form, which is shown in section 
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and elevation in Figs. 53, 54. Here a lai^e permanent steel 
magnet a of fl shape is supported from the top of the containing 
case, and the field is led from pole to pole, first by bars of iron n 
to a small chamber l containing mercury and a thin disc of copper 
having radial cuts and insulated all over except at the edge. 
This copper disc n is mounted on a fine spindle which is provided 
at its lower end with a jewelled bearing. The magnetic field 
being led to this box, passes in part across it at right angles, and 
in part across a small space above it, in which a second small 
disc o of aluminium, fixed to the same spindle as carries the lower 
disc, is free to rotate. The iron pillars e conducting the field 
across this upper space, four in number, are turned down at f 
so that the iron at this part shall be magnetically saturated. The 
piece of iron G having a few turns of thick wire wound on it com- 
pletes the magnetic circuit from one side to the other. 

The magnetic circuit is thus seen to be in parallel, part passing 

through one half of the lower box in one direction and then 

through the other half in the opposite direction, while another 

part of the field passes up through 

^<^----- -.: T. '--'■'-''' --':- '\ on^ li^'f of the aluminium disc 

in one direction and down 
through the other half in the 
opposite direction, and so both 
parts completing their circuit to 
the other pole by the second iron 
bar. This is shown diagram- 
matically in Fig. 55. The small 
disc of copper in the mercury 
chamber is faced with vulcanised 
fibre, and is so adjusted with 
regard to its weight that it just 
floats in the mercury when at 
rest. In fiiture we shall refer 
to this piece as the armature. The upper disc of aluminium forms 
a very excellent brake or retarding force which varies with the 
speed. This is due to the currents which are induced in Ihe disc 
by its movement in the ununiform magnetic field. The currents .so 
induced, according to I*nz's law, oppose the motion producing 
them, and consequently the disc experiences a force tending to 
drive it in ihe contrary direction to that which gives rise to it. 




Fig- $1- 
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The current to be metered enters by one terminal i at the bottom 
and passes by a strip of copper k to the mercury chamber. This 
atrip is insulated everywhere except at the edge forming part of 
the inside wall of the mercury chamber. A second similar strip 
leads the current to the second terminal. The current therefore 
flows across the mercury and copper armature at right angles to 
the direction of the magnetic field. Owing to the deep radial 
slits in the copper armature the current flows in it across a 
diameter. 

Considering only one half of this armature, there will be a 
force developed in that half when a current flows tending to 
u)^e it at right angles to the direction of the field, the force in 



flows in the other half of the armature, and if the field was in the 
same direction there would be an equal force on this half tending 
to ui^e it in the same direction, and consequently the armature 
would not move whatever strength current be employed. But as 
we have seen, the field in the second half is in the opposite 
direction to that in the first half, and consequently that half of 
the armature is urged in a contrary direction. Viewed from the 
top, we can imagine the one half to be uiged from lefl to right, 
then the second half would be ui^ed from right to left, which 
is the direction required to make the armature rotate. 

This being an ampere-hour meter, the speed of the armature 
must be proportional to the current strength, for the revolutions 
of the armature are recorded on a train of dials calibrated in 
Board of Trade units, and therefore any increase in the current, 
and so in the power absorbed, must (while it lasts) be recorded 
by an increase in the armature speed in proportion to the increased 
rate of f>ower consumption. 

Now the driving torque on the armature is proportional lo (i) 
the intensity of the field ; {2) the length of the conductor carry- 
ing the current in the field ; and (3) the strength of the current, 
(i) and (2) are fixed, and therefore the driving torque is propor- 
tional to the strength of the current. 

If there were no retarding forces, the smallest possible current 
would set the armature rotating, and it would soon get up to a 
high speed, and we would get no measure of the power consumed. 
But there .ire several retarding forces, viz., friction at the bearings 
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and train of wheels, friction between the mercui; and walls of the 
mercury chamber, and air friction, all of which must be com- 
pensated for. Then we have the retarding force due to the eddy 
currents induced in the brake disc which is proportional to the 
speed. If therefore the other retarding forces are properly com- 
pensated for, the speed of the armature will, owing to the brake, 
be proportional to the current. 

The upper end of the armature spindle is furnished with a 
pinion gearing into a wheel, and the spindle which carries this 
wheel is also furnished with a worm which gears into the first 
wheel of the train. The armature spindle is provided at its upper 
extremity with a very fine pivot which when at rest presses very 
lightly against a line jewelled bearing, owing to the armature 
floating in the mercury. The friction at the bearings would of 
course be relatively very great at light load, for then the driving 
force is very small, but at such times the armature is practically 
floating. At heavier loads, when the armature runs faster, owing 
to the increased driving torque, the friction is relatively far less 
impiortant, and owing to the centrifugal action of the mercury, 
the armature falls on to the lower stronger bearing, and so saves 
the wear which would otherwise come on the more delicate upper 
bearing. 

The fluid friction is compensated for by winding three or four 
turns on the iron yoke above the brake disc and leading the current 
round in a direction tending to reverse the field. At light load, 
when the friction of the air and mercury is very small, and there- 
fore unimportant, the ampere turns provided are not sufficient to 
affect the brake field, but as the load increases, and with it the 
speed of the mercury and armature, the demagnetising influence 
of this coil begins to weaken the brake field, and cause more lines 
to cross the armature. Thus the retarding force is slightly lowered 
and the driving force slightly raised by its action, which can be 
arranged to completely compensate for the extra friction at higher 
speeds. 

Should the large steel magnet fall off in strength, it would 
aff'ect both the armature and the brake field, but not in the same 
way, otherwise the variation in the strength of the magnet would 
not affect the accuracy of the meter. But an alteration in the 
strength of the armature field alters the driving torque in the 
same proportion, whereas the same alteration in the brake field 
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would cause the brake action to vary proportional to the square 
of the field, for the power developed in the brake depends on the 
product of the e.m.f. developed in it and the induced current 
flowing under this e.m.f., both of which would vary with a given 
speed if the field strength varied. 

This is prevented to a large d^ree by turning down the lower 
pillars carrying the brake field, so that, being practically saturated, 
the field strength at these parts and therefore across the brake 
disc does not alter in proportion to the alteration in the strength 
of the magnet, and by so adjusting the amount turned down the 
accuracy of the meter for a fairly large change in the strength of 
the magnet is not materially afTected. 

The length of the air-space in which the brake disc rotates 
can be adjusted by means of the nuts which clamp the upper 
pole pieces in position. The bolts on which these clamping 
nuts screw also carry the train of wheels rigidly fixed at their 
upper ends. 

All meters of this make have the same gearing, and therefore 
each meter must make the same number of revolutions for one 
Board of I'rade unit. In adjusting a number of them to read 
correctly, they would all be connected in series, and the same 
current sent through them, then all ought to be running at the 
same rate, and by putting a mark on each brake disc the number 
of revolutions per minute of each can be easily measured. Accord- 
ir^ to the ratio of the gearing employed, the armatures must make 
a certain definite number of revolutions for one Board of Trade 
unit, say 3,000, and if the current be say 10 amperes at 100 volts, 

then the armatures must rotate -^^-^ = 50 revolutions per minute. 

Or again, if the current be say so amperes at 100 volts=3 3ooo 
watts, then this must be kept on for half an hour to consume one 
Board of Trade unit, and therefore in half an hour the armature 

must have made 3,000 revolutions, or i = roo per minute. 

30 

Suppose one of the meters is found to be running too slow, 
then it can be made to run faster by increasing the length of the 
air-gap in the brake field, or it may be shortened if the meter is 
running too fast. 

But when it is adjusted to run correctly at one particular load, 
it does not follow that it will run correctly at all loads, this de- 
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pending on whether the variable sources of friction, &c., have 
been altogether compensated at all loads. This is very difficult 
to accomplish, and is seldom met with in practice. 

Fig. 56 shows a typical curve of constant for a meter which 
will serve for illustration. If the meter is accurate throughout, 
we get a straight line for the constant. But here the curved line 
of constant shows that at light loads the meter runs too slow, 
owing to the unbalanced friction, which is relatively great at light 
loads. At about 4 amperes the meter is reading correctly, for 
there the driving torque has so increased as to render the solid 
friction negligible. Beyond this part the meter runs slightly too 
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Fig. 56. 

fast, owing to over-compen-saling for fluid friction, which has been 
found necessary for the higher loads. At about 16 amperes the 
meter reads correctly once more, while beyond that the readings 
are again too low, for at the higher loads the fluid friction is 
relatively much greater, and if completely compensaicd for at 
these loads would considerably overdo it for intermediate values. 
The variation in the constant must he kept within 2 per cent, 
cither way, for that is the limit set by the Board of Trade. 

We will now consider another type, known as the "'I'homson- 
Houston " meter (Fig. 57). This is a watt-hour meter, and will 
serve equally well for either direct or alternating currents. It 
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approximates more nearly to an ordinary electric motor than the 
"Chamberlain & Hookham," as will be seen from an inspection 
of the diagram given in Fig. 58. 

An armature a is built up on a spindle S without any iron in 
its construction, the frame consisting of thin card1x>ard or ebonite, 
octagonal in section, wound over with fine wire, joined in a series of 
coils, and the beginning of one coil and the end of the next are 
connected together, and also joined to one pari of a small silver 
commutator at one end of the armature. This is mounted in a 
vertical position, and the lower end of the armature spindle rests 



l-'ig- 57. 

on a special jewelled bearing p. Une silver brushes press lightly 
on the commutator, and lead the current into and out of the arma- 
ture, these brushes being insulated and fixed to the back of the 
instrument. 

Embracing the armature are the two thick wire coils c clearly 
seen in the diagram which carry the main current, and these are 
fixed on a small bracket of gun-metal projecting from the case. 
When a current flows in the coils a magnetic field is created 
through the space occupied by the armature, the strength of the 
field being proportional to the current flowing in the coils. 
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The armature is connected through a high resistance R (about 
3,000 ohms wound non- inductively, i.e., to produce no magnetic 
effect, placed at the back of the instrument) to the mains, and 
therefore carries but a small current which is directly proportional 
to the potential difference of the mains. This current flows con- 
tinuously, whether there be a current in the main coils or not. 

When a current flows in the field coils, and we get the field 
established across the armature, the armature conductors carrying 
the shunt current tend to rotate. In fact, we have in miniature 



Fig. S8. 

every essential found in the ordinary electric motor, but iron is 
not employed in any part of its construction. 

The torque or turning effort depends on (1) the current in the 
armature conductors ; {2) the length of the conductors carrying 
the current; and (3) on the strength of the magnetic field in 
which the armature rotates. The current in (he armature is pro- 
portional to the p.d. of the mains, and varies with it. The strength 
of the field in which the armature rotates depends on the strength 
of the current in the field coils, and varies with it, and the length 
of the armature conductors is fixed once the instrument is wound. 
Therefore the driving force depends only on the sirei^h of the 
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current and the p.d., and is proportional to the product of the 
two, that is, proportional to the watts. 

The retarding force or brake, which makes the revolutions of 
the armature proportional to the power, is produced, as in the 
" Chamberlain & Hookham," by eddy currents induced in a smalt 
atuminium disc d attached to the lower end of the armature spindle, 
as it rotates between the poles of two or three permanent steel 
magnets m, which have been specially treated to ensure permanency. 

There is a. certain amount of friction to be compensated for in 
the bearings and counting train, in the brushes, and in air friction 
which is accomplished by placing inside the field coils other coils r 
wound with fine wire, and connected in the armature or shunt 
circuit As this armature current (lows continuously, there will 
always be a certain small field across the armature, the strength 
of which can be adjusted within certain limits by bringing the 
coils nearer to or further from the armature. Evidently, then, we 
can so adjust the position of these coils that the armature is on 
the point of running without there being any current in the main 
coils, so that on switching on the smallest current desirable the 
meter would start off. 

But we cannot compensate to such a degree, for if the meter 
had a slight vibration, or the e.m.f. should rise ever so little, the 
meter would start running, though there be no current in the 
main coils, and it would also tend to keep running for some time 
after the load is switched off, which is technically known as 
"running on the shunt." The instrument has therefore a rather 
high starting current, and there is a loss of power in the shunt 
circuit common to all watt-hour meters. Suppose the resistance 
of the shunt circuit to he say 3,000 ohms, then the current through 
it is equal to ^aao — in ^f pete, which at 100 volts means a loss of 
iooX3'^ = 3.3 watts continuously, or nearly 29 Soard of Trade 
units in the year. It has, however, several advanti^es. The one 
instrument will serve for a great variety of work, and measures 
true power on either alternating or direct current circuits. The 
variation in constant over most of the range is small, and does 
not appreciably vary with changes in the declared pressure within 
10 per cent either way. 

Another type of instrument is now used very extensively, 
known as the " Aron " meter. In its earliest form it consisted of 
two_ clocks placed side by side in a case, and adjusted to run 
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synchronously. One of the clocks was furnished with an ordinary 
pendulum of brass, the other carried a m^net at its lower end 
arranged so as to swing freely over a coil of thick copper wire. If 
the coil had no current flowing in it, the magnet pendulum would 
be uninfluenced, and the two clocks would run at equal rates. If, 
however, a current be sent through the coil, the magnet pendulum 
runs faster than the other, for when the magnet is carried past the 
coil at either end the magnetic field due to the current in the coil 



tends (o draw it back, giving the efTect of a shorter pendulum, 
and the difference in the rate of the two clocks can thus be made 
a measure of the ampere hours. 

The meter so made had several serious drawbacks. It was 
very difficult to so adjust the two clocks that they would run for 
any length of time synchronously ; then the two clocks required 
winding up very frequently. The pendulums being long, it was 
necessary to disconnect them before the meter could be sent by 
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rail, and therefore the instrument couid not be sealed by the 
maker. Again, the consumer could not read the meter for him- 
self, for the difference in the rate of the two clocks had 10 be 
multiplied by a constant to convert the readings into proper units. 
It was also not uncommon to find one or both of the clocks 
stopped for some unknown reason. Then again the meters would 
only serve for direct currents, and they were ampere-hour meters 
and not watt meters. 



Fig. 60. 

A very great improvement was made later by connecting the 
two clocks with a differential gear, so that only the difference in the 
rate of the two clocks was registered on a single set of dials (see 
Fig. 59), and a further improvement was effected by replacing the 
magnet with a coil of fine wire in series with a high resistance, 
connected as a shunt across the mains. This coil, wound on a 
wooden rod, created a magnetic field proportional to the pressure, 
converting the meter into one registering watt hours, and making 
it suitable for either direct or alternating currents. 
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Quite recently, however, the inventor (Dr Aran) has brought 
forward a paitem which apiiears to have eliminated all the draw- 
backs enumerated above, the instrument being highly sensitive 
and very accurate. It automalicaily winds itself up the moment 
an e.m.f. is applied to its terminals, one winding mechanism serv- 
ing for both clocks. ITie pendulums are very much shorter than 
formerly, and are r^dly connected to their spindles, which allows 
ofthe instrument being sealed before leaving the maker. Any want 
of synchronism is automatically adjusted, making the clocks almost 
independent of any initial adjustment. The clocks start off with- 
out having to start the pendulums or in any other way interfere 
with the instrument (see Fig. 60). 

The differential driving gear which transmits the power to the 
two clocks in such a way as to allow of independent motion will 



Fig. 61. 

be best understood from a study of Fig. 6r. The horizontal 
spindle is connected to ihe driving spring, and passes freely through 
the centre of ihe two crown wheels. At a point between the two 
crown wheels it is rigidly attached to a second spindle at right 
angles, on the top of which is placed a planet wheel, free to rotate 
on the spindle, but which engages into the two crown wheels. If 
now the horizontal spindle be rotated by the spring, the motion 
will be transmitted to the crown wheels through the planet wheel, 
which will remain stationary on its spindle, and the two crown 
wheels will be urged round with equal force. Each crown wheel 
is the first of a train of clockwork, and consequently both sets of 
clockwork will be set in motion with equal force. 

But suppose one crown wheel has to overcome a greater friction 
than the other, or is retarded in any way, it will not affect the 
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driving of the other clock, for the planet wheel would continue to 
drive both with equal force by rolling on the slower moving crown 
wheel, and by so doing would drive the other at a faster rate, thus 
emphasising the difference in the rate of movement. Should one 
crown wheel be held fixed, then the planet wheel rolling on this 
would drive the other at twice the original speed, which is one 
point in making its indications very sensitive. A view of the 
arrangement is given in Fig. 6z. 

Each pendulum carries at its lower end a coil of wire m, and the 
two coils are connected in series with each other, and with a coil 
of wire fixed inside the 
case and wound non-in- 
ductively, which forms 
the shunt circuit of the 
instrument. Any differ- 
ence in the rate of the 
two clocks is due to the 
pendulums being both 
influenced by the cunent 
in the main coils which 
are placed one under 
each pendulum, con- 
nected up so that the 
current flows through 
them in opposite direc- 
tions. Both pendulums 
are thus influenced, that 
is to say, if the current 
would cause one clock 
to run fast, it would also 
cause the other to run 
slow, which further in- 
creases the sensitiveness 
of the instrument. 

At the other end of F'fr 6*- 

each train of clockwork 

a second crown wheel is fixed, exactly similar to the driving crown 
wheel mentioned above, but made rather lighter, and the two 
crown wheels are connected through a planet wheel, also exactly 
similar to the driving planet wheel, and now the action is reversed ; 
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the crown wheels drive ihe planet wheel. But as the two sets 
of clockwork are driven in the same direction, and as the record- 
ing differential gear has to show the difference in the speed of the 
two clocks, it is necessary that the crown wheels should move 
in opposite directions, consequently one set of clockwork has a 
small change wheel /j (Fig. 66), interposed in its gearing, so that the 
recording crown wheels move in opposite directions. The spindle 
carrying the recording planet wheel is connected to the first wheel 
in the recording train, and its revolutions in any given time 
thereby recorded. 

If now both clocks be running at equal rates, the axle carrying 
the planet wheel would not move, the wheel simply rolling on 
the two crown wheels. Should, however, one clock run faster 



^.JL 




Fie- 63. 



than the other, the planet wheel will revolve slowly on its 
spindle, and will be carried forward by the faster moving crown 
wheel, with a speed proportional to the difference in the speed 
of the two crown wheels, and consequently this difference in the 
rate of the two clocks is transmitted to the recording train of 
wheels. 

It would of course be extremely difficult to adjust the clocks 
so as to run synchronously for long periods, but this difficulty has 
been entirely overcome by a very ingenious device shown in Figs. 
64-67. 

Once every twenty minutes the clockwork winds up a small 
spiral spring / which at the end of its travel is suddenly released by 
a locking lever r being raised, and the spindle connected to the 
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spring is suddenly turned through 360°. This is geared through i, t, 
to a second spindle carrying a commutator which is turned by it 
through 180°. The commutator is connected to the fine wire 
coils on the pendulum, and the current is led into and out of 
them by brushes pressing on the commutator, consequently when 
the commutator is thrown over in the way described the current 
in the swinging coils will be reversed. This of course would re- 
verse the recording of the dials, but the record is made continuous 
by means of a small eccentric a on the end of the commutator 
spindle throwing over a lever b (Fig. 67), which slides a reversing 




Fig. 65. 



bevel wheel e into the recording train at the same time that the 
current is reversed in the swinging coils by the reversal of the 
commutator. 

Now suppose the two clocks be out of synchronism, then in 
the first twenty minutes the record would be loo large, but in the 
next twenty minutes it would be as much too little, and so the 
error would be cancelled. 

The electrical winding mechanism is interesting. It consists 
of a small electro-magnet, having shaped pole pieces as shown in a. 
Fig. 68. An armature b inside the pole pieces is capable of being 
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moved through a small angle under the action of the electro- 
magnet nhen excited. Inside the armature is placed a small 
clock spring which is wound up due to the pull on the armature 
by the electro-magnet once every twenty or thirty seconds, and by 
means of a ratchet wheel h and pawl/ is made to drive the clocks 
in recoiling. It is to this spring that the spindle of the driving 
planet wheel is connected by a detachable connection c. Attached 



Fig. 66. 

to the armature is a contact x, which forms a connection to the 

electro- magnet coil q. This contact engages with a small throw- 
over switch €, the position of which is partly controlled by a spiral 
spring which makes it rest on either one side or the other of a 
given centre line. As the clock runs down the armature slowly 
revolves away from the pole pieces, and the contact presses against 
an insulated spring k on the throw-over switch carrying it along. 
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At a certain point in the journey the throw-over switch has got 
past the centre, and the spiral spring suddenly pulls it over, so 
making connection with the contact / on the armature and.exciting 
the magnet. The armature is thus drawn over, and with it the 
throw-over switch, till it reaches the point where the spiral spring 
causes it to fly over and break the electro-m^net circuit, when 
the whole operation is again repeated. 



Fig. 67. 

A close study of the several illustrations (taken from the 
Electrical Engineer) will give the student a fairly good idea of 
the instrument as a whole, the mechanism and the ingenuity dis- 
played being very interesting. 

Another instrument deserving of special mention is that 
designed by Mr Evershed. In principle it is similar to the 
"Thomson-Houston," but in.stead of a single armature it is pro- 
vided with two in series, wound in op|X)site directions. This 
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makes it astatic, so that any external influence tending to make 
one armature ran fast would affect the other in the opposite sense. 
The bottom pivot Is set in a jewelled bearing, while the remainder 
of the armature spindle is perfectly free, floating in the air, and 
kept in an upright position by the pull of a magnet placed above 
it, which also takes most of the weight off the bottom bearing. 

The commutator segments consist of a number of vertical 
platinum-trrdium wires, fixed at their upper ends and free for the 
remainder of their length, and the brushes are replaced by two 
delicately pivoted wheels with platinum rims, which revolve by 




Fig. 68. 



engaging with the wire commutator segments, thus overcoming 
the friction of the brushes, a point of great importance in meters 
of this type. 

The friction of the counting train of wheels is entirely elimi- 
nated by a most ingenious device. A small coil fixed to the 
spindle above the armatures is connected in one of the armature 
circuits, while a similar coil below it is connected to the second 
armature circuit. These coils are embraced by the end of a 
magnetised lever which turns the counting train by means of a 
ratchet and pawl. Now the current in the armature conductors of 
all dynamos and motors of this type reverses once in each revolu- 
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tion, so the current in these coils, and therefore the magnetic field 
created by them, reverses at every revolution of the armature. The 
consequence is that the magnetised lever is urged up and down 
magnetically, in step with the armature as it rotates, and thus 
drives the counting train without being in any way connected 
mechanically with the rotating armature. The brake is here pro- 
vided by eddy currents induced in an aluminium dish-shaped piece 
revolving between the poles of permanent steel magnets. The 
great improvements in constructional detail and the extraordinary 
small amount of friction makes the Instrument exceedingly accurate 
at all loads, and j^ractically no compensation is required. It is an 
ideal instrument to use as a standard for checking others by, and 
already a certain number have been purchased for this purpose. 

Before leaving the subject of meters, the question of " maximum 
demand indicators" may be considered. To illustrate the principle, 
we can imagine two consumers, A and B, each taking 50 units in 
ihe same time, A's 50 units being made up of 250 amperes at 100 
volts for two hours, while B's 50 units are made up of 25 amperes 
at 100 volts for twenty hours. In such a case, plant to the extent of 
40 h.p, has to be provided in the station to meet A's requirements, 
while only 4 h.p. is required to supply B. Again A's 40 h.p. is 
only in use for two hours, while for the remainder of the time it is 
standing idle. Again, the mains in the street have to be ten times 
heavier for A than for B. 

Now the expenditure in running an electricity supply station 
is made up under the following heads— (i) Interest on the capital 
invested; (2) sinking fund; (3) depreciation on plant; (4) man- 
agement expenses; (5) rent, rates, and taxes; (6) salaries; 
(7) repairs and maintenance; (8) fuel; (g) oil and stores. The 
first seven items are called standing charges, for they are the same 
whatever the load may be, while the last two items vary with the 
load. But in a modern fully developed station these two last 
items will not cost more than \&. per unit. If now power be re- 
quired for say one hour per day only, then that hour's supply 
must pay all the standing charges for the remainder of the twenty- 
four hours, and consequently the price of the Board of Trade unit 
will have to be high, while if the power is required for say ten or 
twelve hours per day, the standing charges will be no more than 
before, and there will be only the small extra expense for fuel, oil, 
and stores. 
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We see therefore that to the engineer the consumer with a large 
demand for perhaps only half an hour per day is not nearly so 
good as one who, though perhaps using a much smaller amount 
of power, requires it for a much greater percentage of the twenty- 
four hours. It also explains why the supply company will of^en 
contract to supply power at a greatly reduced rate to those who 
can make use of it for long periods, when the plant and mains 
would otherwise be unloaded, to those for instance who can use 
the power for driving machinery, or for heating and cooking, or 
electrolytic work, or in any way take their power in the daytime, 
and finish before the lighting load comes on, so leaving the 
machines and mains free to meet the lighting load in the evening. 
In such a case the whole plant would be loaded for a much 
longer time, and the standing charges would be distributed over 
many more working hours. 

The indicator which differentiates between good and bad con- 
sumers is fixed either in the meter case or close to it. In the 
case of the " Thomson-Houston " meter and one or two others it 
is made part of the meter itself. 

This modification in the case of the "Thomson-Houston," 
devised by Messrs Barker & Ewing, consists of suspending the 
brake magnets from a bracket instead of fixing them to the base 
plate, the axis of suspension being parallel to the axis of the 
meter armature. The magnets are therefore free to rotate gainst 
the control of a stiff spring through a small angle. Now when a 
load is switched on there is, as we have already seen, currents 
induced in the aluminium brake disc which tend to oppose the 
motion producing them, consequently these currents exercise an 
attractive influence on the magnets, tending to drag them round 
in the direction of rotation of the disc, and so prevent lines of 
force being cut by the disc. The magnets consequently move 
round slightly, the amount of displacement being proporiional to 
the load on the meter. The small movement of the brake mag- 
nets is magnified by a long pointer, the upper end of which indi- 
cates on a scale about aj in. long directly below the recording 
dials, A catch is provided which holds the pointer in its position 
of maximum reading, and while permitting of a further movement 
should a greater load be switched on, prevents it from moving in 
the opposite direction. Thus the maximum load taken since the 
last reading of the meter is seen at a glance. 
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The cover is provided with a lever which releases Ihe catch, 
so that the demand indicator can be reset at any time from the 
outside, and the lever is arranged to be sealed by the supply 
company's servants every time it is reset. 

If desired, the catch may be held off, and the pointer is then 
free to move in either direction. Its indications then give power 
being absorbed at any moment. 

If the indicator shows a high reading while the meter shows 
a small amount of power consumed, we have a consumer typified 
by A above; whereas if the indicator shows a small maximum 
value while the meter reads a large amount of power consumed, 
we have a consumer such as represented by B. Consequently the 
reading of the meter together with the reading of the maximum 
demand indicator gives us all the informa- 
tion required as to the value of the con- 
sumer from the engineer's point of view, 
and he makes a reduction in the price of 
the Board of Trade unit accordingly. The 
higher the reading of the meter and the 
lower the reading of the demand indicator, 
the less the cost to him of the power sup- 
plied, and it seems only fair to share this 
with his customer. 

This method of charging has in certain 
instances been found to cause very consider- 
able dissatisfaction, for it often seems well 
nigh impossible to explain to certain con- 
sumers why they have to pay say sixpence 
per unit while their next-door neighbour was 
only charged say fourpence. For this reason 
many engineers prefer a uniform charge, in 
which case the good consumer helps to pay 
for the bad one. 

As an example of a separate demand 
indicator, we may take one of the earliest, Fig. 69. 

if not the earliest, as illustration, known as 

"Wright's" maximum demand indicator, a diagram of which is 
given in Fig. 69. 

It consists of a glass (J tube with a cylindrical bulb blown on 
the top of one limb, the other limb being furnished with a fall 
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tube connected near the top, and a bulb on the end, A thick 
copper conductor is wrapped a few times round the cylindrical 
bulb, and the whole current passing at any time traverses this 
coil as well as the meter coils. The glass U tube is filled to the 
junction of the fall tube with dilute sulphuric acid, and the 
current in the coil develops a quantity of heat proportional to 
the square of the current which causes the air in the bulb to 
expand, and press on the liquid in that limb, with a consequent 
overflow into the fall tube. A given current will in this way pro- 
duce always a definite pressure, and consequently no further 
overflow will occur unless the current at any time exceeds what 
has already been taken. The fall tube is graduated, and the 
maximum demand is read off on the scale direct. This is 
reset by tilting the instrument when the liquid runs first into the 
spherical bulb, then by slowly lowering it once more it runs back 
into the U tube, and is locked in the vertical position. 
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CHAPTER XI. 

MEASURING INSTRUMENTS, AND THE MEASURE- 
MENT OF ELECTRICAL RESISTANCE. 

It very often happens that the engineer has to measure very small 
quantities, and these often with a high degree of accuracy. His 
indicating instruments are then of no service to him, and he has 
to make use of much more sensitive instruments. The principal 
measurements to be made are measurements of (i) resistance, (a) 
e.m.r., (3) magnetic quantities, and (4) capacity ; and in these cases 
a sensitive galvanometer is employed. There are many types 
and forms, but the most common is that devised by Lord Kelvin, 
In essentials it consists of two coils of very fine wire, having 
very many turns, placed side by side, with a small space between 
them, and connected in series. In some, two other coils of low 
resistance are also provided. These are supported by any 
convenient frame of brass, and the needle system is suspended 
between them by a very fine fibre of silk. The coils are wound on 
ebonite or brass bobbins having a hole through the centre, which 
tapers outwards from the centre to the front at an angle of about 
60°, as shown in Fig. 70. The magnetic needle is made by fixing 
to the back of a small minor five or six short pieces of magnetised 
watch spring, with similar poles adjacent, and the mirror stands 
normally in the centre of the hole in the bobbin. A wire is 
attached to the mirror which projects below it to the under edge 
of the bobbin, or to the centre of the low resistance coils, 
and there supports another magnet similar to the one above 
and an aluminium vane for damping the movement This 
magnet has its poles pointing in the opposite direction to the 
magnet inside the coil so as to form what is known as an astatic 
combination. If the two magnets were of exactly equal strength 
they would have no tendency to set themselves in the earth's 
magnetic field, and therefore the controlling force due to this 
would be nil. But the needle inside the coil is usually a little 



D.q,t,:scbyG0C>^lc 



i6o ELECTRICAL ENGINEERING. 

stronger than the one outside, and the controlling force due to the 
earth's field is therefore acting on a system which is equivalent to 
a magnet whose strength is equal to the difference between the 



Fig. 7a 

strength of the two needles, and therefore the earth's control can 
be made as small as we please. The magnetic field created by the 
current in the coil, however, acts on both needles in the same 
direction, which will be seen at once by considering the circular 
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field round the conductor, and therefore this astatic combination 
increases the sensitiveness in two ways, by diminishing Ihe con- 
trolling force and by increasing the deflecting force. The move- 
ments of the needle are read by projecting a beam of light from an 
incandescent electric lamp or other suitable lamp through a small 
hole or slit in a screen, placed about 36 in. from the galvanometer. 
The mirror reflects this back i^ain, and by adjusting the height of 
the lamp and slit we can get the reflected image thrown a little 
above the slit. An accurately divided scale (often in millimetres) 
is fixed at this point, about 18 in. long, and the movements of the 
spot or line of light can in this way be measured. With this 
arrangement we have an exceedingly long pointer without weight, 
and the slightest possible movement of the needle is read with 
ease and certainty, for the pointer is equivalent to one 2 yds, long 
if the scale be i yd. from the mirror, for the angular movement of 
the beam of light over the scale is twice that of the mirror. 'I'his 
is due to the fact that the angle of reflection is equal to the angle 
of incidence, that is to say, the angle formed by a line perpen- 
dicular to the mirror when in its deflected position and the beam 
of light from the lamp is equal to the angle made from this same 
perpendicular line and the beam of light reflected from the mirror, 
and therefore the angle between the two beams of light (called the 
incident ray and the reflected ray) is twice as great as the angular 
movement of the mirror. It will be seen therefore that for a 
movement of the reflected beam over the full range of the scale 
the angular movement of the mirror is but a very few degrees, 
consequently the scale readings are practically proportional to the 
deflecting currents. This proportionality is made more exact by 
using a straight scale instead of a curved one. 

An instrument of this description when well made in every 
detail will give a deflection of one division on the scale with a 
current as small as TTrjnrrisfnnr ampere or even less, A sliding 
magnet is placed over the coil which serves to alter the control by 
moving it nearer to or further from the needle. 

Another very common form of galvanometer, and one that is 
very convenient to use for certain measurements, known as the 
D'Arsonval galvanometer, is in principle similar to the Weston 
ammeter and voltmeter movements described in a preceding 
chapter. 

Here, instead of having a magnetic needle for the moving part. 
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the current to be measured is passed through a suspended coil of 
line wire, and its movements are measured by a mirror and beam 
of light as in the last case. 

The coil is usually wound on a frame of thin sheet copper or 
aluminium, and the whole moving part is made as light as possible. 
The current to be measured is led into and out of the coil by the 
suspension, which consists of a very fine phosphor-bronje strip both 
at the top and bottom attached to adjusting screws, so that the 
tension on the phosphor-bronze strip may be adjusted. One at 
least of the supports for these adjusting screws must be insulated, 
and both are connected respectively to the terminals of the 
instnimenL 

This coil is placed in the magnetic field of a strong horseshoe 
magnet, the field being concentrated at this part and made more 
uniform by fixing a piece of soft iron inside the coil but in no way 
connected to it. The coil normally lies with its plane in the 
plane of the field, so that no lines are threaded through the coil, 
and the field is fairly strong. 

When a current passes through the coil it creates a magnetic 
field at right angles to the field of the horseshoe magnet, which 
causes a turning effort to be applied to the coil, owing to the field 
being distorted, weakening it at one part and strengthening it 
at another. I'he angular movement of the coil depends on the 
strength of the field created by the current in the coil and the 
strength of the field in which the coil is placed, and again on the 
strength of the controlling force, which in this case is formed by 
the torsion of the phosphor-bronze strips (see Fig- 71). 

The instrument so made is exceedingly dead-beat in its action, 
coming to rest almost immediately, for when the coil is moved in 
the field the copper or aluminium frame moves with it, and in so 
doing generates a current in it, which tends to stop its movement. 

There being no sensitive magnetic needle in its construction 
enables it to be used near dynamo machinery and other places 
where a needle galvanometer would be useless. 

There is still one other form of galvanometer to be considered, 
known as the ballistic galvanometer. It is the only one that can 
be used where transient currents are to be measured, for instance 
the current created In a coil by thrusting magnetic lines of force 
through it, or the current discharged from a condenser. 

In this instrument the moving part is made heavy so as to 
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have a lai^e amount of inertia, and no vanes or other damping 
mechanism is provided. In other respects it resembles the first 
instrument described. The needle system orten consists of small 
magnets of watch-spring, or small horseshoe magnets with the 
limbs vertical, supported inside small spheres of lead, one being 
inside the coil, and the other outside it, as in the former case (see 
Fig. 72). If provided with independent high and low resistance 
coils, as shown in Fig. 70, it is equivalent to having two galvano- 
meters in one. 

An instrument of this description enables us to measure the 
quantity of electricity dischai^ed through it by a transient current, 



Fig. 71. 

for owing to its inertia the whole quantity has passed through it 
before the needle has time to move from its position of rest. 
This is equivalent to giving (magnetically) a blow to the needle, 
which consequently swings for a distance, depending on the blow 
given. The first swing of the needle, therefore, becomes a measure 
of the quantity of electricity passed through the galvanometer by 
the transient current 

It is sometimes found desirable to considerably reduce the 
sensitiveness of the galvanometer, so as to allow of measuring 
larger currents, and though we can do this to a small extent by 
increasing the control, a much better method is to shunt the 
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galvanometer, so that only a certain known Traciion of the total 
current flows through it. 

Many galvanometers have shunts provided, so that by inserting 
a plug we can connect the galvanometer terminals in parallel with 
a resistance of J, ^'„ or ^\-^ ihe galvanometer resistance. Suppose 
we connect the ^^g galvo resistance as a shunt, then only y^nTir 
part of the total current would go throi^h the galvanometer coil, 
the other -iSSs KO'"K through the shunt, for the current divides 
always imiersely proportional to the resistance, and the shunt 




Fig. n. 



Fig- 73- 



having only ^\-^ the resistance of the galvanometer, would take 
TffVn of ^^ current. With the „'„ shunt only ^Jjf part, and with 
the \ shunt only ■j^'j part of the current flows through the galvano- 
meter. The connections for such a shunt box are shown in Fig. 73. 
But any ordinary resistance box can lie used as a shunt, pro- 
viding we know the resistance of the galvanometer, for the current 
through the galvanometer can easily be calculated, whatever re- 
sistance we use as a shunt. Thus, suppose the resistance of the 
galvanometer be 5,000 ohms, and it is found to be necessary to 
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shunt the galvanometer with say 40 ohms, so as to get a readable 
deflection, then remembering that the main current will divide 
between these two resistances in inverse proportion to the re- 
sistances, we have a fraction of the main current flowing through 

the galvanometer — —— where s = resistance of the shunt and g 
the resistance of the galvanometer, for if we imagine the current 
to consist of 5,040 parts, then j^^ will go through the greater 
resistance (the galvo), and \j^ through the smaller resistance 

(the shunt), and -^ = — ^ = the fraction of the main 

^ " G + s 5040 lab 

current through the galvanometer, and therefore the whole current 

in passing through the galvanometer would give a deflection 126 

times as great 

It should be noticed that by shunting the galvanometer we 

decrease iis resistance, for we then have two resistances in 

parallel The combined resistance is therefore less than the 

smallest of them, and if ■we wish to keep the resistance of the 

circuit constant artd yet use a shunt on the galvanometer, it is 

necessary to add a resistance in series with the galvanometer and 

shunt to keep the resistance constant Thus in the case given 

above, where the shunt has a resistance of 40 ohms and the galvo 

a resistance of 5,000 ohms, the combined resistance 

sooo X 40 i-o L 
= R = 5 ^ = 30.68 ohms, 

5000 + 40 

and therefore to keep the resistance of the circuit constant we 
must add 5000 - 39.68 = 4960.32 ohms in series with the galvano- 
meter. 

The shunt boxes are often provided with this compensating 
resistance, so that by inserting the plug we shunt the galvanometer 
and add the corresponding compensating resistance at the same 
time. 

As a further example in the use of shunts we may consider 
the following problem : — 

Q. A galvanometer of 5,000 ohms resistance, when shunted by 
a resistance of 500 ohms, gives a deflection of 30a divisions with 
a certain current What shunt will be required in order that with 
the same current the defleciton may be reduced to 100 divisions? 
(S. and A. Honours.) ^ 
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Here the resistance of the shunted galvanometer in the first case 

= Be = ^-^ = ^^° ^ ^°° = 454-5 ohms, 
G + s 5000+500 
and if the current is to be kept constant with the new shunt this 



main current flows through the galvanometer, and to reduce the 

deflection to i its former value, only I of = — x ^ — = — of 

^ ^'"0 + 53 SSoo 33 

the main current must flow through the galvanometer in the 
second case. Therefore in second case— 

G + s"33 

Therefore — = — 

5000 + s 33 

Therefore 33s = 5000 + s. 
Therefore 33s - s = 5000. 
Therefore 333 = 5000. 
Therefore s = i — . = 156.25 ohms. 
But the resistance of the galvanometer when shunted with 

156.25 ohms = = 5 -■ " ^ = 151.3 ohms, and to keep 

' ^ G + s 5000 + 156.25 5 i . V 

the current the same as in the flrst case we must keep the 
resistance of the circuit constant, and therefore we must add a 
compensating resistance. The value of the compensating resist- 
ance necessary 

= 454.5- rsr. 3 = 303.2 ohms. 

For measuring very small resistances the best method is that 
mentioned in Chapter I., page 10, where the resistance to be 
measured is connected in series with another known resistance of 
small value, and the potential difference on the ends of each 
measured, when a current is sent through them. 

Now the defection on the scale of a high resistance galvano- 
meter is proportional to the potential difference on its terminals, 
for the current that flows through it is pro|K)rtional to -, and R 
constant, and therefore the current through it is propor- 
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tional to V. The galvanometer, being so sensitive, will show very 
small diflerences of potential on the ends of the resistances, and 
therefore we are able to insert in the main circuit a high resist- 
ance which will allow only a very small current to flow, with one 
accumulator cell, and consequently the current will be more con- 
stant than it would be if the current were large. 

We will now consider a particular case. Suppose we wish to 
measure the resistance of a dynamo (or motor) armature section. 
This will be made of stout copper, and will have a very small 
resistance. We now join up the armature section in series with 
our standard yj^ ohm, and an adjustable high resistance box, key, 
and one cell, as shown in Fig. 74. 

If the section is in position on the armature it must be un- 
soldered and the ends brought out, and it must be kept at some 
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distance from the galvanometer, otherwise when a current flows in 
it the magnetic field so created in the iron of the armature will 
cause a false reading on the galvanometer. It is best in any case 
to send a current round the circuit before connecting the galvano- 
meter, and notice if this has any effect. If so it must be rectified 
by removing the armature further from the galvanometer. 

The galvanometer must now be connected to the ends of first 
one and then the other resistance in a manner which will not 
disturb the main circuit, otherwise the resistance of the main 
circuit will probably be altered during the operation. The de- 
flections so obtained are proportional to the potential differences 
on their ends. Thus, suppose with the armature section we get a 
deflection of 300 divisions, while with the standard resistance we 
get 450 divisions, then — 
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Res. of armature section : standard res. : : 300 : 450. 

Therefore res. of armature section = '■ — = .0044 ohm. 

45" 

The long wires leading from the galvanometer can be of any 
thickness, for their resistance does not influence the result, being 
the same for both. 

It may happen that when we connect up to one of the resist- 
ances we find the spot of light goes right off the scale, meaning 
that the p.d. we are trying to measure is too high. It can be 
reduced by increasing the resistances in the adjustable resistance 
box till we get a suitable deflection. 

If the current should vary between the two experiments, owing 
to the cell polarising, the e.m.f. will vary too, and we will not get 
the true ratio between them. To make certain on this point, it is 
advisable to obtain the deflection on one resistance, then on the 
other, and then again on the first. If there be any difference in 
the first and last reading this will be due to polarisation, and the 
mean of Ihe first and last reading will be the more accurate for 
this resistance. But if the resistance in the adjustable resistance 
box be fairly large, there should be practically no polarisation 
errors. 

For measuring all resistances that are not very low or ex- 
tremely high, some form of the Wheatstone bridge is usually 
employed. This method (which is exceedingly accurate if a little 
care be taken, and a sensitive galvanometer used) will be best 
understood by considering the simple diagrams shown in Figs. 75 
and 76. Let a and b represent two resistances in series of any 
value joined to a cell, then a cunrent flows through the two 
resistances from a to d, and the current has the same value for a 
and for b; a is therefore at a higher potential than b, for the 
cunent flows from a to b, and ^ is at a higher potential than d for 
a similar reason. Therefore b is at some intermediate potential 
between a and d. The value of the potential difference between a 
and b compared with that between b and d is in proportion to the 
resistance of a and b, as we saw in Chapter I. Suppose we now 
connect two other resistances to the points a and d as shown in 
Fig. 76, then the same reasoning will apply to these two as did 
to A and B. The extreme potential difference for the two circuits, 
viz., A + B and C + d, is the same for both, for they are connected 
to the same points, maintained at a certain potential difference by 
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the battery, and if this should vary for one, it will vary equally as 
much for the other circuit. 

Now as the potential difference of the battery is falling equally 
down the two circuits, and as the point b is at some intermediate 
potential, there must be a point on the other circuit that is at the 
same potential as the point b. In fact, we could find hundreds of 
points on the two circuits at the same potential, for if we pick 
any point on the one circuit there must be a point on the other 
at the same potential. Let us suppose that the point c is at the 
same potential as the point b, then there is a certain voltage fall 
or potential difference between a and b, and this must be the 
same as the voltage fall between a and c, for b and ^ are at the 
same potential and a is common to the two. For the same 
reason the fall in potential between b and d is the same as that 



Ci 




rig. 7S. Fig. 76. F^. 77. 

between c and d, and therefore the ratio of the voltage fall on a 
to that on b is the same as ratio between the voltage fall on c and 
D, and again the ratio of the voltage fall on a and c is the same 
as the ratio between the voltage fall on b and d. 

I^t us take values for these resistances and voltages. Suppose 
A = ioo ohms, B = 30 ohms, c=io ohms, and = 3 ohms; and 
further, suppose the voltage fall on a = 5, and voltage fall on b = 3. 
l"hen as we have seen, the voltage fall on c must also = 5, while 
that on D must = 3. Therefore we have — 

V fall on A = 5 : V fall on B = 3 :: V fall on C = 5 : V fall on d = 3, 
and also — 

v fall on A = S :V fall on c = s :: v fall on B = 3:v fall on 0=3. 
Now we have seen (Chapter I.) that the voltage of the 
circuit falls in proportion to Ihe resistances, and therefore the 



Ca^o^^Ic 



I70 ELECTRICAL ENGINEERING. 

ratio of the voltages given above must also be the ratio of the 
resistances, or — 

Res. of A : res. of B : : res. of c : res. of D, 
and also — 

Res. of A : res. of c :: res. of B : res. of D, 
and if any three out of the four be known, we can find the fourth 
by working the simple proportion sum, thus :— Suppose d be an 
unknown resistance, then — 

Res. of A ; res. of b : : res. of C : x 
res. of B X res. of c _ 30 x 



Therefore 



= 3 ohms. 




Fig. 78- 



The operation then consists of finding a point on the one 
circuit at the same potential as some fixed point on the other 
circuit, and this we are easily able to do, for if a galvanometer be 
joined between the two points a current will flow through it while 
there is any diHerence of potential at its terminals, and it is only 
when we get absolutely no movement of the galvanometer needle 
when connected that there is no difl"erence of potential. 

The galvanometer must therefore be connected to points b and 
t as shown in Fig. 77. 

One form of this instrument suitable for measuring low values 
is shown in Fig. 78, connected up ready for the tesL It consists 
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or a straight uniform wire of german silver, manganin, platinum- 
iridium, or other high resistance metal, exactly i metre long, with 
the scale (graduated from both ends) placed behind it. This is 
attached at the ends to massive strips of copper having quite a 
negligible resistance, with certain small gaps for the insertion of 
resistances. A sliding contact maker is provided which allows 
of contact being made to the wire without injuring it. The 
battery and galvanometer are connected to terminals as shown. 

When the key is put down a current flows in two circuits (1) 
through X and the standard resistance, and (z) through the wire, 
and the potential falls equally on both circuits. The galvanometer 
is joined to a point between x and the standard resistance, and 
the operation consists in moving the sliding contact till we get no 
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Fig. 79. 
deflection on the galvanometer. Suppose this balance is obtained 
at a point 60 cm. from the right-hand side of the illustration in 
Fig. 78, and the resistance of the standard be 1 ohm, then we 
have the wire divided up in the proportion of 60 to 40, and there- 
fore, as the resistance is proportional to the length, and the e.m.f. 
falls in proportion to the resistance, the e.m.f.'s on these two 
lengths are also in the proportion of 60 to 40, But this is the 
proportion of the e.m.f.'s on x, and the standard and the e-m.f.'s 
on them are proportional to their resistances. 

Therefore res. of x : res. of standard ; : 60 : 40, 

or res, otx : t ohm :; 60 ; 40. 

Therefore res. of .r = = 1.5 ohms. 



D„l,:.cbyG0C>^lc 



17! ELECTRICAL ENGINEERING. 

Another form of this instrument used very lately by the Post 
Office authorities and most electrical engineers is shown in Fig. 79. 
Here resistance coils take the place of the slide wire described 
above, and in addition an adjustable resistance box is provided, 
containing in this case sixteen different resistance coils, which 
allow of over i i,ooa changes being made in the resistance. 

This being a very common form of resistance box for this 
class of work, it may be advantageous to describe it here in more 
detail. 

On the top of the box (usually of ebonite) are fixed seventeen 
massive brass blocks, made originally from (wo or three castings, 
which are first machined, then divided up into the required 



Fig. 80. 

number of parts, and a hole drilled through each division. These 
holes are then rimered out so as to taper inwards, and the pieces 
are next sawn across the centre of the holes. Each piece is now 
fixed in its place on the cover, and tapering plugs made to fit into 
the holes, so that when the plugs are in, the brass blocks are all 
connected together, and the resistance of the joints is negligible. 
The corners of each block are usually filed away, and also the 
under edge at the ends as shown in Fig. 81. Coils of wire 
(usually german silver) which have been very accurately adjusted 
by comparison with a standard are now fixed to the under side 
of the box cover, and the ends connected to two of the brass 
blocks by stout pins screwed up into them. The beginning of 
one coil is thus connected to the end of the last, that is, the coils 
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are connected in scries all the way round, and the junction points 
connected each to a brass block, as shown in Fig. 81, The coils 
are vound so as to have little or no magnetisability, by winding 
the wire on after doubling it. The ends are connected to the 
pins, and the adjustment of the resistance is made on the middle 
point of the wire by uncovering a portion (the wire being usually 
covered with a double layer of silk), twisting up, and soldering the 
twisted part when the right resistance is obtained. 

When all the plugs are inserted the resistance between the 




Fig. 81. 



terminals at the ends is less than the resistance of all the brass 
blocks and plugs, for the coils underneath are in parallel with 
them, and therefore the resistance is some exceedingly small 
fraction of an ohm, and quite negligible. If we pull out any one 
plug or plugs, the resistance is increased by an amount corre- 
sponding to the resistance of the particular coil that the plug or 
plugs originally short circuited. 

The coils are often arranged to have resistances of i, 2, 3, 4 — 
10, ao, 30, 40—100, 200, 300, 400 — r,ooo, 2,000, 3,000, 4,000 
ohms ; and by such an arrangement we can put into the circuit 
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any resistance from i up to ii,iio ohms, that is to say, we can 
make over 11,000 changes in the resistance. Other combinations ' 
will give a similar result, thus i, 2, 2, 5 — 10, 20, ao, 50, &c,, or 
I. I. 3. S— 'o. *o. 30. SO. &c. 

In using such a box it is important to remember that the 
function of the brass plug is to short circuit the particular resist- 
ance, and therefore if the plug be dirty it will not properly do 
this, and we may have an appreciable resistance when the plug is 
in, which we are ignoring. For this reason the brass shanks of 
the plugs should never be touched with the fingers, nor even 
put down on to the table, for the fingers will give them a film of 
grease which will soon coat the inside of the taper holes, and bad 
contact must eventually result, while if the same thing does not 
occur by contact with the table, there is the chance of small pieces 
of dust and grit sticking to them, which is again ground up in the 
hole, farming a coating which may prevent a perfect contact being 
made. The best way of using them is to place them on a sheet 
of clean paper, with the brass shanks pointing upwards, that is, 
standing on the ebonite tops, and to remember to always lili 
them by means of the ebonite tops. 

Returning now to the Wheatstone bridge, the top row of block 
seen in Fig. 79 are connected to resistance coils with values of 
1,000, 100, 10, 10, 100, 1,000, and therefore the resistances 
starting from the centre block are the same on the two sides. 
These are called the ratio arms. By taking out plugs on both 
sides of the centre block we can make the ratio of the resistances 
on the two sides i : t, to : i, 100 : r, &c., and vice versa. These 
are represented in Fig. 77 by the resistances a and c 

A thick copper connector joins the end of a to the resistance 
box B, while the resistance to be measured forms the fourth arm 
D, and is connected between the ends of c and b, and the battery 
and galvanometer are to be connected to the points shown in 
Fig. 79. 

We have here then essentially the same thing as shown dia- 
grammatically in Fig. 77, for in both cases, starting from the + end 
of the battery, we go through a key to a point a where the current 
divides. The part going along a is conducted through another 
resistance B in series with it, while the part going through c is 
led through another resistance D, where- it joins on to the end 
of B, and this point is connected to the other end of the battery. 
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thus completing the circuit. The galvanometer in each case is 
joined to points b and c, that is, to the point where a and c join 
on to B and d, and a key is used in both cases to connect it to the 
circuit. Therefore the diagram shown in Fig. 77 will hold for the 
Wheatstone hridge box we are now considering. 

In making a measurement with this instrument we must con- 
nect up as shown, and then take out plugs on either side of the 
central block, thus forming some ratio, say 100 ohms on either 
side, then the ratio ^1:1. Now a plug must be taken out of the 
adjustable resistance box B, thus putting a resistance into this 
arm, the value of which is anything we please, unless we can (by 
inspection or examination) tell approximately the resistance we 
wish to measure, in which case we would make B have a value 
somewhere near our approximation. Now first putting down the 
right-hand or battery key, and then the galvo key, we shall get a 
deflection of the galvanometer to the right or lefl, depending on 
whether the resistance in b is too much or too little. Most boxes 
are provided with an infinity plug in b, that is, a plug is provided 
similar to the others, but there is no coil connecting the two 
blocks, and therefore when this plug is out the resistance in b 
is said to be infinitely great, for we have then a complete break 
in the circuit. We can now pull out this infinity plug, and again 
put down the battery and galvo keys, and the needle will be 
deflected vigorously to one side. Now our resistance cannot be 
infinitely great, and therefore we know that every time the needle 
is deflected to the same side as when the infinity plug was out 
the resistance we have put in b is too great, and we must therefore 
reduce it and try again. Thus we may find that with 1,000 ohms 
in B the deflection is in the same direction as when the infinity 
plug was out, and with 10 ohms in b the deflection is in the 
reverse direction, then we know that to obtain a balance the 
resistance in B must be greater than 10 and less than t,oo3 ohms. 
We now try 500 ohms, and get say the same effect as with 1,000, 
then we know the required resistance is less than 500 and greater 
than 10 ohms. Proceeding in this way, we soon reduce the range 
to a small value, and eventually obtain a balance. Suppose the 
balance is obtained with 150 ohms in b. Then — 
A:C :: B : j:. 
And therefore 100 : 100 :: 150 : ^, or .r= 150 ohms. 
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But ve can alter the ratio of a to C, making it say 1,000 ohms 
in A and 100 ohms in c, or a ratio of to : i. When we obtain 
a balance, the ratio of b to jc will also be 10 : i. Using this ratio, 
we may find that to obtain a balance we require in B a resistance 
of 1,502 ohms. Then — 

A : C : : B : X 
Therefore 1000 ; 100 : : 1502 ; x. 
Therefore .■>:= -9 = 150.2 ohms. 

If the resistance to be measured be very high, for instance 
the resistance of the insulation on a cable or the insulation resist- 
ance of any insulator, another method must be employed. As an 
illustration let us consider the insulation resistance of a cable. 

A certain length of the cable to be tested should be placed in 
a tank of water, with both ends projecting for some distance, as 



^^ 



Fig. 82. 

shown in Fig. 83, and allowed to remain in it for say twenty-four 
hours, with the water at a temperature of 60° F,, after which the 
test can be made. 

Connection can now be made from the water in the tank (or 
from the tank itself, if a metal one standing on insulators) through 
the galvanometer to the core of the cable, putting into the circuit 
any number of cells found to be necessary for giving a readable 
deflection on the galvanometer, say ten divisions, noting at the 
same time the number of cells employed. 

Now this deflection is due to a current flowing through the 
circuit, which consists of the galvanometer, battery, wires, and 
cable insulation, and the e.m.f. employed to get the current 
through is known, depending on the number of cells. If we 
could therefore find the value of the current flowing we could, by 
Ohm's law, calculate the resistance of the circuit. 
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This is obtained by an independent experiment, done either 
before or after the one just described. Connect up the galvano- 
meter to some known high resistance, say 10,000 ohms, and shunt 
the galvanometer with ^jir ''^^ galvanometer resistance. Use only 
one cell, and obtain a deflection ofthe galvanometer say thirty divi- 
sions on the scale. The resistance of Ihe galvanometer unshunted 
we will suppose to be 5,000 ohms, and therefore when shunted 
with a resistance equal to n^g of 5,000 ohms, or 5.005 ohms, the 

resistance is reduced to 5: — ? = 5 ohms nearly. 

5000 + 5.005 _^ _ ' 

The current flowing through the circuit is therefore 

^ e.m.f. _ a 

and only tAif P^^^ °^ ^''is current passes through the galvanometer, 

therefore current through galvanometer = , ?-r , and 

(10000 + 5) X 1000 

this current gives us a deflection of thirty divisions on the scale, 

therefore a current of g'^ this value would give us one division, 

or current through galvanometer to give one division on the scale 



- ampere. 



10005x1000x30 I 
In our first experiment, with the cable giving a deflection on 
the unshunted galvanometer of ten divisions, the current flowing 
would be rKnTr'tiTsiF ampere, or ten times the current for one 
division, and if the number of cells employed in that experiment 
were say 100 accumulators, then by Ohm's law the resistance 

R= .j„- ■ = — - = 3001500000 ohms, 

current yjinrriiiirff 
which is practically the resistance of Ihe insulation of the given 
length of cable, for the resistance of the galvanometer and battery 
is negligible when compared to that of the cable insulation. 

Now the insulation resistance decreases with the length of the 
conductor, for the length of the path of the current through the 
insulation is the same whatever the length of the cable, but the 
sectional area of the insulation is proportional to the length of the 
cable, and the resistance of the insulation is (as* in every case) 
proportional to the length and inversely proportional to the sec- 
tional area, and therefore the insulation resistance is inversely 
proportional to the length of the cable. Suppose the length 
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measured be loo yds., then the insulation resistance per mile 
^iVVtr of 3001500000 ohms = 1 70540000 ohms, or practically 
170 megohms. 

By one or other of the methods given, any resistance, however 
large or however small, can be accurately measured. But resist- 
ance is not the only measurement made by the electrical engineer. 
Measurements of electro- motive force and current strength have 
often to be made, and also measurements of the magnetic quality 
or permeability of different materials form part of the ivorlt of 
many electiic'al engineers, and these we will consider in the next 
chapter. 

The low resistance coils on the galvanometer should be used 
when making measurements on low resistance circuits, and the 
high resistance coils for high resistance circuits, for should the 
circuit have a low resistance and we connect the high resist- 
ance galvanometer coils in it, we may change the value of the 
external resistance by 100 or aoo per cent, and still make no 
readable difference in the galvanometer deflection, while if we 
use the low resistance coils on a high resistance circuit, the 
galvanometer will again be very insensitive to small changes in 
the external resistance owing to the small number of ampere 
turns in the galvanometer. The best effect is obtained in every 
case when the galvanometer resistance approximates to the resist- 
ance of the reminder of the circuit. 
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CHAPTER XII. 

MEASUREMENT OF POTENTIAL DIFFERENCE 

CAPACITY, CURRENT STRENGTH, AND 

PERMEABILITY. 

One of the best methods of measuring electro-motive force is that 
known as the " potentiometer " method. 

In its simplest form the potentiometer consists of a simple 
Straight uniform wire, stretched over a scale, with a shding con- 
tact, so that connection may be made to any point on the wire, as 
shown in Fig. 83. 



Fig. 83. 

When the key is put down a current flows round the circuit 
and the potential difference of the cell falls proportionally to the 
resistance, but the resistance of the wire (if uniform) is propor- 
tional to its length, and therefore the potential difference on any 
length of the wire is proportional to that length, and if the con 
necting wires and cell have a negligible resistance compared with 
that of the wire, we shall have a range of potential differences 
from any value up to something little short of the e.m.f. of the 
cell. We can measure any e.m.f. within this limit by balancing 
it against the same potential difference on the wire, having first 
standardised the wire to find the potential difference on unit 
length of it 

Suppose we have a cell whose e.m.f. is required, and also 
another whose e.m.f. is known, we can compare the e.m.f. of the 
unknown to that of the known cell by the potentiometer. 
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We first connect up one cell to the potentiometer, as shon-n 
in Fig. 84, putting a galvanometer in the circuit of this cell, and 
connecting to the wire a cell or cells having a higher e.m.f. than 
that or the cell we wish to measure, being careful to join similar 
poles to the same end of the wire. Now ihe potential of a, when 
connected as in Fig. 84, is higher th:in that of b, and there is 
therefore a uniform fall in potential from a to B. Suppose the 
e.m.f. of the cell s be equal to the potential difference between A 
and (, then if we connect it through a galvanometer to the points 
A and c no current will flow through the galvanometer, but if we 
move it ever so little to the right or left of this point a current 
will flow through the galvanometer in one or the other direction, 



]'-<i>i 



Fig. 84. 

depending on whether we join it to points at a higher or lower 
potential difference than that of the cell. 

The operation then consists of finding the point on the* 
potentiometer wire where we get no deflection on a sensitive 
galvanometer when the cell is connected through it to the wire, 
and a few trials usually suffices to find this point very accurately. 
We will suppose the point to be at c in Fig. 84. Then the e.m.f. 
of our cell is equal to the potential difference between a and c, 
and we have still to determine this potential difference. We now 
replace this cell by a cell whose e.m.f. is known, and obtain a 
balance in exactly the same way. Suppose this to be obtained 
with the contact at t, and further suppose the e.m.f. of this cell 
be I volt. The potential difference between A and e is then equal 
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to I volt, and the potential difference is proportional to the length 
of the wire, and therefore the p.d. between m : p.d. between ac in 
proportion of the length m : length a£, which can be read off on 
the scale, and so the e.m.f. of the first cell determined. Thus, if 
the length a?= 30 cm., and Air = 4o cm., then — 

e.m.f. of standard cell : e.m.f. of cell x :: 30 : 40, 
or I volt : e.m,f. of cell * :: 30 : 40. 



Therefore e.m.f of cell x = 



x4o_ 
30 



.33 volts. 



■ 



There are, however, certain disadvantages in using a single 
(short) length of wire, while if we employ a long length it be- 
comes very inconvenient. The 
short wire wilt offer but a small 
resistance, and therefore the 
current taken from the battery 
will be large, and it will conse- 
quently quickly run down or 
polarise ; and if we use a very 
fine wire to get an increased 
resistance, it is very weak and 
easily injured, and therefore the 
increased resistance must be ob- 
tained by an increase in length 
rather than a decrease in sec- 
tional area. To obtain this result 
the potentiotneter is sometimes 
made in the form shown in Fig. 
85, where the wire is divided up 
, into a number of short sections 
all connected in series by stout 
copper connecting pieces, and a 
bridge arranged to slide up or 
down over the length of the wires, 
the contact maker sliding from 
right to left, so as to come over any section of the wire. 

This form has the disadvantage of the long length of wire being 
exposed td injury, and if injured at all, the accuracy of the measure- 
ments made with it will of course be inferior whatever care be 
taken in making them. 



Fig. 85. 



The best forms of potentiometer have a 1 



Drking length of wire 
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about I metre long, and the remainder wound on a reel and placed 
inside a box, with connections from parts having exactly the same 
resistance as the working wire outside, to a number of contacts on 
the cover, so that by swinging round a switch lever we can make 
contact with it on any multiple length of the wire outside the box, 
the fractions of this length being obtained by moving a sliding 
contact on the outside wire. 

An adjustable resistance can also be inserted in the circuit, so 
as to bring any Traction of the potential difference of the battery 
(within certain limits) on to the potentiometer sections, for by 
cutting out the adjustable resistance we have a higher e.m.f. on 
the remaining portions of the circuit and vice versa. 




Fig. 86. 

In this form each contact of the right-hand switch adds or sub- 
tracts a resistance equal to that of the slide wire ab, and therefore 
if a balance is obtained with the switch ami on say the sixth stud 
and the slider at 30 cm. from the right-hand end of ab, and if there 

be say fifteen contact studs altogether, then we have a balance on -^ 

of the total potential difference. In this way we first get to within 
y J of the required value by simply switching round on the contact 
switch, and then add on the extra length required to give a 
balance by adjusting the position of the slider on the slide wire. 

It is evident that, as we can adjust the potential difference 
operating on the whole fifteen sections of the potentiometer wire 
by adjusting the value of the resistance in series with it, we might 
put a scale on the slide wire and on the fourteen additional sections 
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to read in volts direct, and so save time in calculations, for we could 
connect on our cell of known e.m.f., first setting the switch and 
slider to read on the scale provided the e.m.f. of this cell, and 
then adjust the resistance in series and therefore the p.d. on the 
slide wire till we get a balance. Then if we do not alter this 
resistance, and the battery supplying the current remains constant, 
any balance obtained by other cells may be read off direct in volts. 
This is done in many potentiometers, one made by Messrs 
Crompton & Co. being a very excellent example. 




Fig. 88. 

A plan view of an instrument of this description is given in 
Fig. 87, and a diagram of the connections in Fig. 88. 

The galvanometer is to be connected to the terminals marked 
c, and the battery to the terminals marked B, while the standard 
cell or cell of known e.m.f. and any cell or cells of unknown value 
may be connected to terminals i, 2, 3—6. The galvanometer 
circuit is completed by putting down the slider key, while the 
battery circuit is complete without a key, for varying contact re- 
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sistances at the key would cause varying potential differences to 
arise. One or other of the cells connected to i, a, 3 — 6 are 
brought into the galvanometer circuit by switching the double 
contact switch at the centre on to the corresponding contacts. It 
is therefore very easy to change connections from one cell to the 
other, and to return at any time to the standard cell to see if the 
e.m.f. on the potentiometer wire is still unchanged is but the work 
of a few seconds. 

The method of using this instrument is simple. Having con- 
nected up as shown in Pig. 88, we now switch the centre double 
contact switch to No. i contacts, thus putting the standard cell 
into the galvanometer circuit. If the e.m.f. of this celt be say i 
volt, then we put the right-hand switch on to contact No. 10, and 
the slider to the extreme right of the slide wire. We now adjust 
the resistance in series with the potentiometer wire by switching 
round the multiple switch on the left till we get a deflection in 
one direction on one contact, and in the opposite direction on the 
next contact, when we depress the slider key. A perfect balance 
is then obtained by adjusting the sliding contact on the extreme 
left, and now the wire is calibrated to read in volts direct. 

The next operation is to change the position of the centre 
switch to No. 2, 3, or 4, as the case may be, and now move the 
switch lever on the right till we find two adjacent contacts which 
give opposite effects on the galvo. I-eaving the switch on the 
smaller of the two, we now get perfect balance by adjusting the 
position of the slide wire, and then read off the e.m.f. direct. 
Thus, suppose the switch be on No. 14 contact, and the slider 
index points to 44.5, then the e.m.f. of the cell= T.4445 volts, 

This of course is a very accurate statement of the e.m.f. of the 
cell, and could not be accepted unless we knew the e.m.f. of our 
standard cell correct to the same degree, and this brings us to a ' 
consideration of the standard cells employed. 

The standard celt ttiat has been most extensively used for a 
numt)cr of years is known as the Latimer Clark standard, which 
gives an e.m,F. of 1,434 volts at 15° C. Its e.m.f varies with the 
temperature, being lower at a higher temperature and higher at 
a lower temperature by yjVu volt per degree. Thus at 18° C. its 
e.m.f = r.431 volts, and at 1 2° C, its e.m.f. = r.437 volts. 

It is made up usually in a small test tul>e (the size of the cell 
being unimportant), and consists of, first, a small fimount of pure 



bvGooi^lc 



MEASUREMENT OF E.M.F. i%% 

mercury, a platinum wire being sealed through the glass to make 
contact nith it, or in some cases simply a flat spiral of amalga- 
mated platinum wire sealed in a glass tube, inserted from the top. 
On top of this is placed a mixture of mercurous sulphate and 
saturated zinc sulphate solution which forms a stiff paste, and the 
celt is then about three parts filled with the saturated zinc sul- 
phate solution. A small rod of pure zinc is next fixed into a cork 



Fig. 89. Fig, 9a 

with a wire soldered to its upper end, projecting through the cork, 
and this is pushed in till the zinc rod projects a little distance 
into the zinc sulphate solution, leaving an air-space of about \ in. 
or so. The whole is sealed up with marine glue, or some such 
material, by heating it in a ladle and pouring on while hoL The 
anangement is shown in Fig. 89. 

Another cell of this description, known as the " Hibbert " cell, 
has recently been put on the market, and is being sold by Messrs 
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Crompton & Co. for use with their potentiometers, and also by 
Messrs Paul, electrical instrument makers, Holbom. It has 
several advantages over the previous cell described, and is the 
outcome of the study and experiments of Mr W, Hibbert and the 
author for several years past. 

It is made up in a small test tube, similar to the Latimer- 
Clark cell, writh mercury for the + element. The paste, however, 
consists of mercurous chloride and zinc chloride solution, and the 
cell is three parts filled with the zinc chloride solution, which 
must be adjusted very accurately to a certain density, for the e.ni.f, 
of the cell depends on the density of the solution. 

It was found necessary to provide a porous diaphragm to pre- 
vent the mercury from moving when the cell is transported, as 
shown in Fig. go. 

When the solution, which must be perfectly neutral, is properly 
adjusted in density, the cell gives an e.m.f. of i volt at 15° C, and 
varies with temperature by toJuit volt per degree, rising and falling 
with the temperature. Thus at 18° C. the e,tn.f, = 1.0003 volts, 
while at 12° C. the e.m.f. is .9997 volt. The changes made by 
alterations of temperature in this country are therefore very small, 
and for most purposes can be neglected. 

By an adjastment of the density of the zinc chloride solution 
the cell can be made, to give 1 volt at temperatures higher or 
lower than 15° C. Thus if cells are intended for use in tropical 
countries where the average temperature is considerably above 
15° C, they can be made to give i volt at this average temperature. 

Should the cell, from any accidental cause, be short circuited 
for a time, the e.m.f. falls considerably. This applies to the 
"Latimer-Clark" cell as welt as to the " Hibbert" cell, and there- 
fore it is not serviceable as a standard again till it has had time to 
recover. The recovery of the " Hibbert" cell after one minute 
short circuit is practically complete in four minutes, whereas the 
Latimer-Clark cell, similarly treated, has not recovered to an equal 
extent within two hours, which thus delays the work for that lime, 
unless a second cell be available. 

In ordinary use on the potentiometer, these cells, and also the 
cells whose e.m.f. are to be measured, are delivering no current 
when the balance is obtained, otherwise the galvanometer con- 
nected in their circuit would be deflected, and the current sent 
through them in one direction or the other in obtaining the 
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balance is, with an experienced operator, very small, and only lasts 
for a very small fraction of a second, which is not sufHcient to 
disturb the value of the e.m.f, and therefore a true measure of 
the e.m.f is obtained. 

If the e.m.f. to be measured is lai^e, say loo or zoo volts, a 
modilication must be made in the arrangement of the circuit In 
this case the two points at the required diiference of potential 
can be connected to a high resistance, say 10,000 ohms, or higher 
if necessary. A small current will then flow^-, in this case 



<id^3:j^:^^^:s^$::s^^^:^:^S=: 
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Fig. 91. 



= TffS8ff=°' ampere, and the e.m.f will fall proportional to the 
resistances. All we need do, therefore, is to make contact on to 
such a fraction of the total resistance that the e.m.f comes within 
the range of the potentiometer, and this fractional e.m.f. being 
measured in the usual way, we can from it determine the whole. 
Thus, suppose we measure the e.m.f. on .100 ohms, and find this 
to be .997 volt, then as 100 ohms is -j^u of io,doo ohms, and 
as the e.m.f. falls proportional to the resistance, the total e.m.f 
will be .997x100 = 99.7 volts. The connections are shown in 
Fig. 91. 

The potentiometer can also be used for measuring currents, 



i88 ELECTRICAL ENGINEERING. 

with the addition of certain standard resistances of small value, say 
y,^ ohm, -j^ ohm, and iV o\aa, &c., for according to Ohm's law 
the current is equal to ?:HL:, and if we measure the e.m.f. on a 

known resistance, we can find the value of the current by simply 
dividing the one by the other. 

It is in this way that the very large currents sometimes em- 
ployed in electrolytic work, copper refining, &c, are measured. 
The arrangement of the circuit for making such a measurement 
is shown in Fig. 92. 

If the resistance of the standard inserted in the circuit be say 




■^^is ohm, and the e.m.f. measured by the potentiometer be say 
.5 volt, then the current flowing in that particular case would be 
-Y~~-5 ^ 1000 = 500 amperes. 

TDfftF 

Another method of measuring e.m.f. is one involving the 
use of a condenser and ballistic galvanometer. The condensers 
employed in this class of work consist of alternate sheets of tin- 
foil and mica or paraffined paper. The simplest case is where 
a single sheet of mica is faced on both sides with tinfoil sheets, 
smaller in sectional area than that of the mica sheet, so as to 
be perfectly insulated one from the other. If these two tinfoil 
sheets be connected, one to the + and the other to the - pole of 
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a battery, a quantity of electricity will flow from the battery to 
the plates to charge them to the same difference of potentinl as 
that of the battery. This quantity of electricity will be exceedingly 
small, and the flow will be over in an exceedingly small fraction 
of a second. The quantity of electricity that flows into the con- 
denser under any given difference of potential depends on (i) the 
size of the plates of the condenser ; (2) inversely to the thickness 
of the insulating material; and 
(3) the nature of the insulating 
material, or as it is called, the 
"specific inductive capacity" 
of the material. If therefore 
we make the area of the plates 
large and the thickness of the 
mica or paraffined paper small, 
we shall have a condenser that 
will require a lai^er quantity 
of electricity to raise it to the 
potential difference of the 
battery. That is to say, the 
capacity of the condenser will 
be larger. 

This is usually accom- 
plished by using very thin in- 
sulating material, and placing 
alternate sheets of tinfoil pro- 
jecting at opposite comers of the mica or paraffined paper, as shown 
in Fig. 93. If now all the tinfoil sheets that are projecting at one 
edge be connected together, and all those at the other edge 
similarly connected together, they form electrically two sheets of 
lai^e superficial area insulated one from the other by the mica or 
paper insulation. When the required number of sheets have 
been so arranged, they are usually put into a box and fastened 
down, the two sets of plates being connected to terminals on ihe 
lid of the box. 

A condenser of this description would have unit capacity when 
unit quantity of electricity raises its potential to unit value. For 
practical purposes the unit quantity of electricity is the coulomb, 
and the unit diff'erence of potential is the volt, and therefore the 
practical unit of capacity, known as the Farad (from the great 
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English scientist Faraday), is such that i coulomb would raise 
its potential difference to i volt. Such a condenser would be 
very laqje and costly, and unsuitable for practical i)urposes, so 
iiTOssufr P^-ft or 1 micro-farad is the unit commonly adopted. 

A submerged submarine cable when disconnected at the ends 
forms a condenser, the core taking the place of one of the tinfoil 
conductors, and the sea the second conductor insulated from it 
by the insulating material of the cable. Certain cables of this 
description have a capacity of approximately \ micro-farad per 
mile. 

We have already seen that the quantity of electricity that will 
be taken by a condenser depends on the capacity of the condenser. 




Fig- 94- 

It also dei>ends on the potential difference used to charge it. This 
will be understood best by an analogy. Suppose we have a 
reservoir of air or other gas under compression, and two vessels a 
and b connected to it at the bottom, with pipes and taps as shown 
in Fig. 94- Each of these vessels has a certain capacity, and the 
quantity of gas each will take when the tap is turned on depends 
on their capacity- But if the pressure of the gas in the reservoir 
be increased in any way the quantity of gas taken by each will 
increase in the same proportion, for it will in every case take so 
much as will raise the pressure equal to that in the reservoir. 
We may therefore write 



where Q is the quan^ty of electricity in coulombs, and v is the 
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difference of potenlial used to charge the condenser, or the poten- 
tial difference of the condenser when charged with quantity Q, and 
c is the capacity of the condenser in farads. 

It will be as well to note in passing that the work done in 



charging a condenser is not QV but - 



, fori 



this particular c 
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the whole quantity Q is not raised through a potential difference 
= v, for the first small 
quantity that flows in does 
so against practically no 
back pressure, while the 
last small quantity had to 
be forced in against the 
whole potential diflerence. 
Let us take an analogy 
similar to the last (Fig. 95). 
Here a rotary pump is sup- 
posed to have been at work 
and pumped water up the 
pipe to the height shown. 
How much work was done 
in raising the water ? Evi- 
dently not the weight of 
water raised multiplied by 
the total height in feet, for only a very small quantity at the 
top has been raised this height, while some at the bottom has 
not been raised at all. Therefore the average or mean height 
through which the water is raised is equal to half the total height, 
and therefore the work done in charging the vessel with water is 
equal to — , where Q is the quantity of water in pounds weight, 

and V is the vertical height from the base to the top, or the 
difference of level. 

In the same way the work done electrically in chaining a 
condenser=— , and if Q and v are in absolute units the work 

2 

done is in ergs, while if q is in coulombs and v in volts the work 
done is in joules. 

Now if the quantity of electricity taken by a condenser when 
joined to a cell be discharged through a ballbtic galvanometer, 
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the first swing or the needle is proportional to the quantity dis- 
charged, and this quantity is also proportional to vc, therefore the 
first swing of the needle is propoctional to vc. If therefore we 
use the same condenser, and connect it first to our standard cell, 
then to the cell whose e.m.f is required, and dischai^e the quantity 
taken by the condenser with each through a ballistic galvanometer, 
the two swings of the galvanometer needle will he proportional to 
the e.m.f. of the standard cell, and the ceil of unknown e.m.f. from 
which the unknown value can be determined. 

The connections for making such a test are shown in Fig. 96, 
which allows of a very rapid charge and discharge by simply putting 
down the key for an instant and then releasing it. Putting down 
the key connects the cell on to the condenser, and breaks the 
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connection between the condenser and the galvanometer, while 
releasing the key breaks the cell circuit, and completes the circuit 
between the condenser and the galvanometer. 

The time occupied in putting down and releasing the key 
should be as short as possible, for if prolonged the discharge of 
the condenser is also prolonged, owing to some of the chaise 
penetrating into the insulator and requiring time to again leak out, 
and in such a case the first swings of the ballistic galvanometer 
are not proportional to the quantities discharged through it as 
pointed out in describing the instrument. 

Suppose in a certain case with the standard cell= i volt, and 
a condenser of \ m.f. capacity, we obtain a swii^ of 200 divisions, 
and with the same condenser and the cell of unknown e.m.f. we 
obtain a swing of 300 divisions, then — 
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200 : 300 : : I X ^ m.f. - x-k.\ m.f. 
Therefore 2co : 300 w i -.x. 
Therefore x = 2 — =1.5 volts. 

High voltages could be measured by this method if we adopt 
the device described with the potentiometer for so doing, and also 
measurements of current strength by measuring the e.m.f. on a 
standard low resistance placed in the circuit, but care must be 
taken in such cases that the galvanometer needle is not influenced 
by the field created by the large current. This is obviated if a 
D'Arsonval type of galvanometer be employed, which of course 
would have to be made without the damping coil frame, and wiih 
a relatively heavy moving coil. Of course with known e.m.f.'s 
capacities may be compared in the same manner. 

We now turn to consider another measurement, viz., the deter- 
mination of the magnetic permeability of a specimen of iron. 

The piece of iron to be experimented with should either be a 
long bar, or if short, should be welded into the form of a ring 
and turned in the lathe so as to be uniform in sectional area. 
We will consider the sample in the form of a long bar first. 

First wind the bar uniformly from end to end with insulated 
wire, carefully counting the number of turns put on. Accurately 
measure the length and sectional area of the bar in centimetres 
and square centimetres respectively. Divide the total number of 
turns by the length, and so get the number of turns per centimetre 
length. 

If now a current be passed through the coil, the number of 
lines of force per square centimetre will be equal to b=i.25 

ampere turns per centimetre x u, and b = - 

sec, area 
The total lines may be measured by simply noting the di flec- 
tion produced by the magnetised bar on a sensitive magneto- 
meter, which consists of a small magnetic needle suspended by 
a single fibre of silk, and furnished with a mirror similar to that 
described in the case of the galvanometer, but with a single needle 
instead of the astatic combination. This instrument, protected 
from draughts by a case of wood, brass, or other non-magnetic 
material, is placed at any measured distance in millimetres from 
the bar under test, and so arranged that the needle lies at right 
angles to the axis of the bar. 
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A spot of light serves for the index as in the case of the 
galvanometer. 

The bar of iron ii placed behinc] the magnetometer at a fairly 
large distance from it, and the distance from the needle to the 
centre of the bar accurately measured. The arrangement is 
shown in Fig. 97. 

Now when the bar is magnetised the needle will be deflected, 
and the deflection in millimetres must be read on the scale for a 
number of different values of the current, i.e., for different values 
of ampere turns per centimetre, and the total lines of force are 
calculated from the formula — 

M_rf' tangent deflection 
H 2 

tvhere m is the magnetic moment of the bar, and is equal to the 
strength of the pole j in unit poles x length of the bar in centi- 




melres = /. Therefore m=ix/. h is the intensity of the earth's 
controlling field on the magnetometer needle, and if the place 
where the experiment is made be free from large masses of iron, 
such as iron girders, h will be equal to .16 in England. It 
however varies with position, but is known very accurately for 
different places and is tabulated. If not known, it can be easily 
determined. 

iP is the distance from the magnetometer needle to the centre 
of the bar, cubed, and therefore any error in measuring this 
distance will very materially affect the acccuracy of the measure- 
ment, as the error will also be cubed. 

The "tangent of the deflection "is got by dividing half iha 
deflection in millimetres by the distance of the scale from the 
magnetometer needle in millimetres, for, as already pointed out, 
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the angular movement of the index is always twice that of the 
mirror and needle. 

The proof of this formula and also the method of determining 
H are simple, but ralhcr too lengthy to enter on here, and the 
student will find both in almost any text-book on magnetism. 

From this formula 

M </* tan a , Hi^ tan a 
— = __ we get M = 

and all on the right are known quantities, therefore M is easily 
determined. Now if we divide m by the length of the bar in 
centimetres we get s, the strength of the pole of the bar formed 
by a certain number of ampere turns per centimetre. This is the 
strength of pole in unit poles, which we have seen are each equal 
to 4ir lines of force. Therefore the total lines of force produced 
in the iron \ax = ^-Ks lines. 

1 . 4TJ lines 

fl IS now equal to 

sec area 

This can be repeated for any number of values of the current 
and corresponding values of d obtained. These values can then 
be plotted in a curve of permeability, or a B — H curve, for the 
corresponding value of 11 = 1,35 ampere turns per centimetre, as 
pointed out in Chapter V. 

If the iron be welded into a ring and turned up, we can use the 
ballistic galvanometer in measuring the total lines of force. 

First measure the mean length of the iron ring and its sectional 
area, then closely wind it evenly all over with a coil of wire, 
counting the turns put on. Connect it up to an adjustable 
resistance, a reversing key, a few accumulators, and a correct 
reading ammeter, so as to be able to alter the current strength 
readily, and reverse it quickly. 

Mow wind over this coil a second coil of a few turns, and 
connect this in series with the similar coil of a standard magnet, 
and with the ballistic galvanometer, as shown in Fig. 98. 

When we switch on there will be a sudden kick of the galvano- 
meter needle, due to the lines of force created in the iron threading 
themselves through the few turns connected to the galvo. This 
current can now be adjusted to read some small (even) value, and 
the galvanometer needle brought to rest. If we then suddenly 
reverse the current by means of the reversing switch, all the lines 
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of force will be first taken out and then put in in the opposite 
direction. We therefore use the lines twice, and the value of the 
first swing of the galvanometer needle must be halved. 

The current can now be increased and the operation repeated 
as many times as we please, taking note of the current flowing and 
the corresponding half deflection of galvanometer (first swing). 
Now we have to find out what these galvanometer readings mean 
in lines of force, and this is done with the standard magnet by 
allowing the coil of a known number of turns to cut through its 
field of a known number of lines of force. This gives us a swing 
of the galvanometer needle which enables us to calculate the 
others. 
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Fig. 9B. 



The first swings of the needle are proportional to the quantities 
of electricity urged through the galvanometer, and the quantity of 
electricity urged round the circuit in this way is proportional to 

— , where n = total lines cut, t = total turns cutting n lines, and 

R = the resistance of the circuit. 

Therefore quantity urged through galvo with standard mag- 
ring and coil :: ( — j 



net : quantity urged through galvo with 
for standard : ( — 1 for iron ring and coi 
the needle, which wc will call d, is proporti 



But the first swing of 
ional to the quantity urged 
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through, and therefore d^ for standard i d^ for ring :: -!-' : — '^ 

and with the circuit as airanged in Fig. 98, r is the same for both, 
and therefore cancels out, and we get rf, : i/. : : W,Ts : N,T,. 

Now both rf, and d, are known, they being the first swings of 
the galvanometer for the standard, and for any of the values 
obtained with the iron ring. Also n^t, and t, are known values, 
being the known lines and turns of the standard and the turns of 



Sim, 






j& 
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the small coil wound on the iron ring, and therefore the only 
unknown value is N,, the lines in the ring, and n, = ' '" ' , which 

can now be calculated for each value of the current used in the 
experiment. 

B is got by dividing n, by the sectional area in each case, and 
the permeability curve constructed as before, the corresponding 
value of H being obtained from H = i.a5 ampere turns per centi- 
metre for each value of B. 
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The standard magnet here described is the invention of Mr 
W. Hibbert, and is most convenient for all such work. One of 
these has been in use at the Regent Street Polytechnic for over 
eight years, and absolutely no change in its strength can be detected, 
and therefore its constancy may be relied on. The instruments are 
usually provided with two coils, one of ten turns and the other of 
a hundred turns, which make it serviceable for almost any circuit or 
instrument. It gives us at any time, without trouble or delay, a 
definite quantity of electricity urged round any circuit in which 
it is connected, and this is immediately calculated when the resist- 
ance of the circuit is known. It therefore becomes exceedingly 
useful in many kinds of work as well as the one just described. 
A sketch of the instrument is given in Fig. 99. 



If such a standard \% not available, we must construct a substi- 
tute. This can be done by taking a tube or rod of brass, wood, 
or other non-magnetic materia), perfectly uniform in section, and 
winding it evenly and carefully from end to end with insulated 
wire. The length of the rod should be from 50 to 100 times 
its diameter. At the centre wind on a second coil of say twenty 
turns, which is to be connected in place of the standard magnet 
coil in the last experiment. 

In using this standard, after obtaining the deflections with 
the iron ring and coil we must disconnect them from the battery 
circuit, and connect the battery and ammeter to the long cull 
of the standard. On now switching on the current we will 
get a certain number of lines through the second coil at the 
centre, with a corresponding swing of the galvanometer needle, 
and the lines of force passing through the coil at the centre can 
be calculated, for h { = 1.25 ampere turns per centimetre^ and 
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the ampere turns per centimetre are known, and total lines = h x sec. 
area (see Chapter V.), 

For workshop use, Professor E«ing has invented an instrument 
for determining the permeability of samples of iron in a very easy, 
quick, and practical manner. It is known as Ewing's magnetic 
balance (see Fig. 100). It consists of a long beam which Is 
calibrated to read n direct by a sliding weight with index similar 
to those used in weighing machines. The beam turns on a ful- 
crum near one end, and directly under the short arm of the lever 
an electro-magnet is fixed with pole pieces, the one on the far side 




from the fulcrum b^ing rounded on the lop, while the other has a 
V groove. A standard sample of iron is supplied with the instru- 
ment to compare any other witii, in the same way that a standard 
weight is used to compare with any other weight. The sample to 
be tested must be turned to the same dimensions as the standard, 
viz,, 4 in. long by J in. diameter. The end of the beam projects 
down on to the rounded pole piece, and is provided with a hole 
through which passes the standard piece of iron, the far end resting 
in the V groove. The sliding weight being adjusted to its right 
position for the standard, the current through the electro-magnet 
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is adjusted by a resistance till the beam breaks away from the 
pole piece, ^^'e then know that we have the right current for 
direct reading on the scale, this having been made with reference 
to the standard piece of iron. We now replace the standard by 
the sample to be tested, and keeping the current of the same 
strength, we adjust the position of the slider till the sample is just 
pulled off as in the case with the standard. The value of b for 
the sample is then read on the beam, and H is the same as for the 
standard which is given by the makers, and usually has a value 
= 20, for with this value the proportion will be practically the same 
throughout the whole working range. 

A very similar instrument due to Fisher-Hinnen is shown in 
Fig. 101. The samples in this case are to be turned i in. in 
diameter and 3I in. long, care being taken to make the ends 
perfectly square. 

In this case the sliding weight is fairly massive, viz., 14J lbs., 

while the balance weight w with its suspending arm resting on knife 

edges weighs 49J lbs. The scale on the beam is calibrated by 

]ilacing known weights at w, and marking the positions of the slider 

where balance is obtained, A second scale is also engraved on the 

beam to be used with the higher values of b, and in this case the 

weight w is removed, thus enabling a short beam to be used over 

a wide range. The values of b corresponding to the marks on 

the scale are calculated from the formula — 

r, ,1 . J B* X area in sq. cm. 
Pull m dynes = -i 

One pound weight exerts a force of 981 X453 dynes, therefore — 

_ ,, . J 11^ X area in sq. cm. 

Pull m pounds = — — ^ 

8;rx 981x453 

If the area be measured in inches we must multiply the area 

in square centimetres by 6.45, the number of square centimetres 

to c sq. in., and we then get — 

^ „ . , B* X 6.4^ X area in sq. in. 
Pull in pounds = J^— „ ■■ -" ■■■■ 



Therefore b = , h^^}^^^^_^ 1^- x 98 ,_x 
V area m sq. in. x 6.45 



453 



Therefore b^ .3.7^/PH!Li"-P2H."d! 
V area in sq. in. 
The ammeter used with the instrument is often calibrated in 
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ampere turns per centimetre or per inch, for the turns in the coil 
being fixed, h varies directly with the current. 

In practice the sample is inserted through the coil, and the 
short arm of the lever brought down to rest on the top. The 
slider is now placed to some particular mark on the scale, and 
a current sent through the coil. The current is then slowly de- 
creased till the short arm of the lever breaks away, and b is read 
on one scale, and the ampere turns per centimetre on the am- 
meter. This can be repealed for any number of different values 
for B, and the permeability curve plotted from the results. 

Another instrument for effecting the same thing is due to 
Professor S. P. Thompson {see Fig. loa). It consists of a block 



^ 
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of soft iron, rectangular in shape, with the centre cut away, and a 
coil of known turns wound on a brass tube placed in the centre. 
A hole the same size as the bore of the brass tul>e is drilled 
through the top, and the rod of the iron to be tested, after being 
turned to fit the hole, and made perfectly square at its lower end, 
is inserted in the coil so as to rest on the iron block. A current 
is now sent through the coil, and the pull lequired to drag the 
core from its seating on the block is read on a spring balance 
fixed to its outer end. The current is adjusted in strength, and 
read on an ammeter in series with the coil, and therefore the 
am|>ere turns per centimetre are easily calculated for any values 
of the pull, and 11 is calculated as before. These methods are 
not so accurate as those described earlier, but are often tiutte 
accurate enough for commercial purposes. 
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CHAPTER XIII. 

ARC LAMPS. 

Verv many arc lamps have been devised since the day when 
Sir Humphry Davy struck the first arc between two pieces of gas 
carbon using a large battery of primary cells. The carbons in 
this case and in many of the following lamps were arranged 
horizontally, and the current of heated air which arose when the 
arc was struck caused the glowing carbon vapour which consti- 
tutes the arc to arch over from one carbon to the other, whence 
the name arc. In all modern lamps the carbons are arranged 
more or less in a vertical position, and the glowing carbon 
vapour in them has no tendency to arch. 

Many of the early arc lamps are extremely interesting, and 
show a high degree of ingenuity on the part of the inventors. It 
is not our object, however, to study the history of the subject, but 
to get a knowledge of the principles underlying the whole, and of 
certain typical lamps to be found in successful and extensive use 
at the present time. 

All arc lamps of the same type have to do practically the same 
operations, and the differences in construction are simply different 
mechanical devices for obtaining the same result. The essentials 
of them all are, first, they must allow the carbons to come into 
contact when the current ihrough them is interrupted or cut off; 
second, they must strike the arc immediately the current is switched 
on, that is, they must contain some arrangement for separating the 
carbons when the current is switched on ; and third, they must 
feed the carbons together as they burn away, and so maintain the 
arc at a constant length. 

Arc lamps can be divided into two classes — open and en- 
closed. The former being the older of the two, will be considered 
first 

To work well these lamps require a potential difference on 
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their terminals of from 45 to 50 volts, and unlike the smaller 
well-known incandescent lamps, they cannot be made to work at 
all with a less pressure than 39 volts. The current required by any 
lamp depends on its size, and if the current be large, the carbons 
employed must also be thicker. 

The carbons slowly burn away, and the + carbon, or the one 
by which the current is led into the arc, burns away practically twice 
as fast as the other, and therefore some arrangement must be 
made for feeding one faster than the other. The arrangement 
commonly adopted is to make the + carbon twice the sectional 
area of the - carbon. The arc is usually about -^^ in. in length, 
and this constitutes the principal resistance of the lamp, conse- 
quently at the moment of switching on a much larger current 
than the normal will flow till the arc is struck. 

Nearly all the light from the arc comes from the intensely 
white hot crater formed in the end of the positive carbon. The 
heat at this part is exceedingly intense, measured in thousands of 
degrees. It is in fact the most intense heat obtainable up to the 
present, and many substances which cannot be melted in any 
other way are easily and readily reduced when placed in the arc. 
This has led to its application for the production of aluminium, 
carborundum, calcium carbide, &c. 

The n^ative carbon burns away and forms a point at the 
end, this being made white hot, principally by being roasted, 
as it were, in the intense heat of the positive crater. The end of 
the positive carbon burns cone-shaped also, due to the air coming 
into contact with the outer edges. The appearance of the direct 
current arc is shown in Fig. no. We sliali consider the modi- 
fications due to alternating cunents later. 

Arc lamps can be run either in series or parallel, providing 
the necessary precautions be taken. The current through most 
arc lamps is usually eight or ten times that required for an 
incandescent lamp of 31 candle-power, and consequently if we 
have many in parallel the cables required become excessively 
large. This has led to the practice of putting ten or more lamps 
in series, for then the cables need only be large enough to carry 
the current for one lamp, but the e.m.f. has to be ten times that 
required for one lamp. 

In either case we must consider certain details if the lamps 
are to work well In the parallel arrangement it will not do to 
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run our mains at 50 volts and join all the lamps across, for they 
would be very unsteady, giving an unpleasant fluctuating light 
The reason for this is easily seen if we consider a single lamp. 
The resistance of the lamp being principally that of the arc, this 
constitutes the principal resistance of the circuit. Now, should 
one of many possible things occur to cause a slight alteration in 
the arc, the current will alter accordingly, and as we have already 
seen, the heating effect will alter as the square of the current, 
if other things remain unchanged, consequently any slight irre- 
gularities in the burning are very marked, and the lamp bums 
unsteadily. 

But suppose we run our mains at say 70 volts, and the power 
taken by the lamp be 10 amperes al 50 volts, then we must 
expend zoo watts on a resistance in series with the lamp. This 
resistance must be able to carry 10 amperes without overmuch 
heat, and with that current cause a fall in potential on it of 20 
volts- Its resistance must therefore be ?S = 2 ohms. If now we 
get the same slight irregularities in the arc, the total resistance 
of the circuit is not materially altered, for the arc forms only a 
portion of the total resistance, and to produce the same variations 
in current strength as in the preceding case without the resistance 
in series, the arc would have to vary very much more. The arc 
therefore burns with a much steadier light with this resistance in 
series, but we only get it by an exi^enditure of energy in the 
resistance, for which we get no return, except in the steadier 
burning of the lamp. This resistance is known as a steadying 
resistance. 

In the case of a 100 volt circuit two lamps may be put in scries 
without a steadying resistance, in which case we waste no power 
but the lamps do not work quite so steadily as with the steadying 
resistance, for though one lamp forms as it were a steadying resist- 
ance to the other, it often happens that both lamps vary slightly 
in the same way at the same time, and the special devices necessary 
for series lamps must be also provided with them. 

If we have a number working in series, no steadying resistance 
is necessary, for any slight alteration in the arc of one lamp causes 
no appreciable alteration in the current, for the total resistance of 
the circuit is ten times (if ten lamps be in series) that of one lamp. 
But we must now provide against another possible contingency, 
viz., the possibility of one lamp sticking and the arc burning to 
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such a length that it can no longer be maintained, in which case 
it, together with the whole number in series, would go out. In a 
series arrangement of arc lamps it is therefore necessary to provide 
some automatic cut out which will come into operation whenever 
the resistance of any lamp exceeds a certain prearranged value, and 




Kig. 103. 

also an additional coil is necessary for feeding the carbons, as will 
be seen almost immediately. 

Evidently if the carbons burn away at a rate depending on the 
current through the arc, the best way of controlling the length of 
Ihe arc would be by the arc lamp current rather than by clock- 
work or any similar device, and this is now the universal plan 
adopted. 
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Let us first consider the simplest case of an arc lamp intended 
for parallel running. 

Fig. 103 stions a diagram of an arc tamp to be found in fairly 
extensive use, distorted in places so as to show the relation between 
the various parts more clearly. This lamp in its completed form 
is known as the Brockie-Peli, and the mechanism there employed 
will serve to illustrate the action of all lamps of this type. 

Here the circuit, starting at the left-hand terminal, passes round 
the series coil, wound with a few turns of thick wire, and then to 
the framework of the lamp, and so to the top carbon holder which 
is in electrical connection with the framework. From here the cir- 
cuit is completed through the carbons to the lower carbon holder, 
which is held in guides insulated from the frame, and from this 
to the second terminal. The upper and lower carbon holders are 
connected by an insulating cord, so that as the top carbon holder 
rises the lower one falls, but the top carbon and holder being the 
heavier of the two, causes the two carbons always to run together 
when no current flows in the lamp circuit. 

The top carbon holder is provided with a rack into which gears 
a pinion, and to the same pinion spindle is fixed the brake wheel, 
and therefore the top carbon holder cannot move up or down 
without turning the brake wheel. When no current flows this 
wheel is quite free to move, and consequently the carbons always 
run together, but when a current is switched on, which will be 
large while the carbons are together, we get a strong pull upwards 
of the iron core in the coil, and a corresponding pull on the levers 
attached to it, which causes the band to grip the rim of the 
wheel, and the whole is turned through a small angle, thus 
separating the carbons and striking the arc. The movement need 
not be great, for if the top carbon be lifted -^^ in., the lower carbon 
falls to an equal degree. The small brass sector, to which one end 
of the band brake is fixed, is centred on the pinion spindle, but is 
not fixed to it, its movement being quite independent of the 
movement of the pinion and brake wheel. When no current is 
flowing the weight of this sector is carried by a stop, which thus 
takes the brake ofT the wheel. 

We will now imagine that a current is switched on. Imme- 
diately the lever is drawn up by the iron core, the band grips the 
brake wheel and raises it, the carbons separate, and the arc is 
struck, with a diminution in current in consequence. But now in 



D„l,:.cbyG0C>^lc 



ARC LAMPS, ao7 

a short time the arc will increase tn length owing to the carbons 
burning away, and the arc lamp is required to feed the carbons 
together as they burn. As the arc increases in length, so the 
resistance of the lamp increases, and consequently the smaller the 
current becomes with a corresponding diminution in the pull of 
the coil on the iron core. This causes the iron core to drop slowly, 
and with it the sector, brake wheel, and upper carbon, the lower 
carbon rising to an equal degree. A point is soon reached in this 
way when the sector is in contact with ihe stop, and now it can 
fall no further; but as the iron core continues to fall the band 
is slackened until the brake wheel is on the [x>int of slipping, and 
this is the normal working point for the lamp. Should the arc 
notr increase in length slightly, the band is slackened somewhat, 
and the brake wheel slips a trifle. If it goes too far, the band 
again grips the brake wheel, and the whole is raised slightly. 
Therefore when burning normally, the brake wheel is constantly 
and almost imperceptibly on the move, feeding the carbons as 
the arc burns, and stiil constantly adjusting the length of the arc, 
keeping it practically the same throughout. 

It will therefore be seen that the variations in the current 
strength caused by variations in the length of the arc are made to 
regulate the feeding of the tamp, and on parallel circuits, when 
provided with a steadying resistance, this is all that is required. 

If it is to be used in series with others, however, we must 
provide a second coil, which, though not absolutely necessary for 
parallel working, is often provided in that case as well, for it will 
work equally well in parallel with this addition, and the lamps are 
then suitable for either parallel or series working. This coil is 
wound with fine wire so as to have a high resistance compared 
with that of the series coil, and is connected direct across the 
lamp terminals. A second iron core, attached to the first by a 
rocking lever or see-saw, is provided in this shunt circuit coil, so 
that as one core is drawn up the other must come down, as shown 
in Fig. 103. 

We now have in the lamp two circuits in parallel, and in such 
circuits the current always divides inversely proportional to the 
resistance of the parts, and therefore we now get a control of 
the arc even though the main current be practically constant in 
strength. We have already seen that in a series arrangement the 
alteration in the length of the arc in one lamp, even through a 
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considerable range, does not materially affect tlie value of the 
current, as it forms but a small fraction of the total resistance of 
the circuit, but being provided with the shunt coil for feeding, 
each lamp in the series is independent of the remainder. For 
simplicity, we can imagine the current in the main circuit to be 
quite constant and equal to say lo amperes. When the carbons 
are in contact the resistance of this part of the circuit will be very 
much less than that of the shunt circuit, consequently almost the 
whole of the lo amperes takes the path through the carbons and 
series coil, and we get a strong pull on the core in this coil, which 
separates the carbons and strikes the arc. £ut immediately the 
arc is struck a resistance is introduced into this part of the circuit, 
and consequently less current flows through the series circuit and 
more through the shunt, and the two cores adjust themselves in 
the two coils, till a balance is obtained between the pull of the 
series coil and that of the shunt coil. If the arc increases in 
length, it would not alter the pull of the series coil if it were alone, 
but now, owing to the increased resistance in the series circuit, the 
supposed same strength current divides itself between the series 
and shunt circuits in inverse proportion to their resistances, and 
consequently a smaller fraction than before goes through the series 
coil and a correspondingly larger current through the shunt coil, 
with the necessary alteration in the pull on the cores of the two 
coils. The pull on the shunt coil core being greater and that of 
the series coil core less, both help to shorten the length of the arc, 
and so keep it at constant length, 'i'he cores are prevented from- 
moving with a sudden or jumpy action by providing one or both 
with a dash-pot. 

There is still another point to be considered. Should one 
lamp in the series get out of order, and the arc increase in length 
very considerably, it will eventually go out, and break the circnit 
of the remaining lamps, thus putting the whole series out. To 
prevent this an automatic short circuit must be provided with each 
lamp, and connected in its shunt circuit, so as to cut out the lamp 
and put into the circuit an equivalent resistance, should such occur. 
This can be made separately and connected up in any convenient 
place, or can be placed inside the lamp itself as a permanent 
addition. To illustrate the action, consider the arrangement shown 
in Figs. 103 and 104. Into the shunt circuit is placed a small 
electro-magnet with pole pieces and an iron armature. The latter 
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is held off and out of contact with an insulated stud by an adjust- 
able spring. As the arc increases in length, the current through 
the shunt circuit increases, and so the pull on the armature 
increases, till a point is reached where the armature flies over and 
comes into contact with the stud, both of which should be tipped 
with platinum at the point of contact to prevent corrosion and bad 
contact. When this occurs we have another circuit completed 
through the lamp, viz., from T, through a resistance to terminal 
Tfc and consequently the current through the shunt circuit would 




Fig. 104. 



again diminish considerably immediately contact was made between 
the armature and the stud, and the armature would be released, 
only to be again attracted a moment later, like the armature of a 
trembling electric bell. To prevent tliis, the current that flows 
through the resistance when the contact is made is also led a 
few times round the electro- magnet, which effectually holds the 
armature in contact The point where the automatic cut-out shall 
come into action (which should in every case be before the lamp 
actually goes out) can be regulated by adjusting the tension on 
the armature spring. 
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A better form of this instrument which has been found to 
work very satisfactorily In practice is shown in Fig. 105. The 
shunt circuit coil is here wound on a hollow bobbin of brass 
fixed to one side of a slate base plate, the ends being furnished 
with thick cover plates. Through the lower end plate an adjusting 
screw passes which controls the position of a short rod of iron 
inside the coil. Through the upper end plate a brass pin is free 
lo move, but is prevented from falling through the coil by a small 
pin being inserted in a hole near its upper end. On the top of 
this brass pin rests the end of a lever, held down by the force of 




gravity, and also with a small spring. Near the centre of the 
base an insulating ring is arranged so as to be free to rotate 
through a small angle, and a spring at the centre is adjusted 
(0 hold it normally hard over, in the anti-cloclcwise sense. Fixed 
to this disc are two wide switch contacts which are arranged to 
slide over six contacts fixed to the slate base, and each is 
wide enough to short circuit two of them. The mains are con- 
nected to the two centre contacts, while the arc lamp is con- 
necteil between the left-hand lower and right-hand upper contacts, 
the coil being also joined to these same two points, and there- 
fore forms a shunt on the lamp. To the other outer contact 
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a resistance equal to that of the lamp when burning noimally is 
fixed, as shown, but is usually a separate piece of apparatus wound 
on some insulating fireproof material such as porcelain. To the 
insulating disc which carries the moving contacts is also attached 
a lever, the upper end of which engages in a notch in the top 
lever when it is pulled into that position, and so keeps the switch 
in the position shown against the action of its spring, which would 
if free pull it over to the other side. 



If now anything should go wrong with the arc lamp, the 
current in the shunt coil would increase till it reached a point 
where it would suddenly pull up the block of iron inside it, and 
this striking the brass pin, would raise the lever resting on it, and 
release the switch lever, which would immediately fly over to the 
other side, and so break the arc lamp circuit, and connect the 
resistance on to the mains in its place. This is more certain 
in its action than the form described previously, for it has rubbing 
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contacts which make a much better connection than a sim|)le 
touching contact. It is adjusted by means of the screw at the 
lower end of ihu coil, which adjusts the posiiion of the iron core. 
The whole is enclosed in a dust and damp prcx)f iron case, and 
is often fixed in the basu of the arc lamp post, the conductors 
being taken through holes with insulating bushes, which are then 
made watertight with marine glue. 

Messrs Crompton & Co, make a very good lamp, known as 
the "Crompton-Pochin," a view of the working parts of which is 
given in Fig. io6. In this there are two brake wheels, one on 
either side of the racked carbon holder, and the spindle carrying 
them and the pinion wheel runs in bearings formed in a small 
brass block which is free to slide up or down the carbon holder, 
but of course causing the brake wheels to spin round in so moving. 
When the series core is attracted by the current in the series coil 
a pin is brought into contact with each brake wheel, and the 
further upward movement of the core carries the brake wheels 
and upi>er carbon holder bodily, for if the brake wheels cannot 
spin round the small brass block cannot move up or down the 
rack rod. In this way the arc is struck, and the whole again 
descends for feeding, until the brass block carrying the brake 
wheels comes into contact with a small pin rising from the base. 
If the series coil now releases its hold on the core still further, 
the brake pin also releases its hold on the brake wheels, which 
therefore begin to slip, and the feeding and regulating goes on as 
described in the case of the Brockie-Pe!l arc lamp. 

Of late years another type of lamp has come into very extensive 
use, known as the "enclosed" arc lamp, from the fact that the 
arc is more or less enclosed in a space where access to the air 
is restricted. The immediate consequence of this is that in a 
short time after the arc is struck the whole of the oxygen in the 
enclosure is converted into carbon monoxide gas, which is unable 
to support further combustion. The carbons then slowly volatilise, 
and the arc is maintained across Ihe healed carbon vapour. The 
result of not burning is that the carbons last a i-ery much longer 
time than in the open type, and this constitutes its chief adi'antagc. 

The lamps are not made air-tight, for such an arrangement 
would be difficult to maintain. It has been accomplished, how- 
ever, in certain lamps intended for submarine illumination, but 
is not at all necessary for ordinary work. The access of air is 
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more carefully restricted about the bottom carbon only, and the 
heavier carbon monoxide gas formed prevents ingress of air except 
for any slight amount due to diffusion. 

Owing to there being 
practically no burning of the 
carbons we can employ a much 
longer arc than is workable 
in the open type with a corre- 
spondingly higher difference 
of potential on the lamp ter- 
minals. Thus on a loo volt 
circuit about 75 volts can be 
used on the arc, and the re- 
maining 35 volts on the 
steadying resistance. It is 
owing to the non-burning of 
the carbons that they remain 
practically flat at the ends, 
instead of the pointed negative 
and coned positive in the open 
type. 

For a given power these 
lamps give rather less light 
than ihc open form, but as 
the carbons last such a much 
longer lime (roughly ten times 
as long), much less attention 
in trimming and fewer carbons 
are necessary. Hut it must be 
remembered that only carbons 
of the very first quality wilt do 
for enclosed arcs. If certain 
cheaper carbons (which may 
give very good results in an 
open lamp) be used in an en- 
closed, it is found that after 

a few hours' run a thick white I'lfi- 107. 

coating, composed chiefly of 

silica, has deposited itself over the inner surface of the enclosure. 
Which absorbs a large proportion of the light. Therefore there 
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is not so very much saving in the actual cost of the carbons, 
but the cost of attention and trimming is largely reduced. 

Many of these lamps are provided with the necessary steadying 
resistance inside the case, so that they may be put direct on to the 



Fig. io8. 

mains at loo or even aoo volts. The length of the arc in the 
former case is about \ in., maintained by a polential difference of 
about 75 volts, while in the latter case the arc often reaches ij in. 
in length with a potential difference of 150 volts on the arc. 

One of the first lamps of this type, and one still extensively 
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employed, is known as the "Jandus." There are, however, many 
others on the market, and the number is steadily increasing, 
almost every arc lamp maker selling both the open and enclosed 
types. 

A very good view of this lamp, from Fowler's Electrical 
Engineer's Year Book, is given in Figs. 107 and 108, from whi<'h 
it will be seen that only one core is provided, the series and 
shunt coils being wound differentially ((>., in opposite directions) 
on the same bobbin. The iron core is consequently magnetised 
and attracted by the current in the series coil, but as the arc 
increases in length, and the current in the shunt coil is thereby 
increased, the field inside the coil and in the iron core is 
diminished in intensity and the lamp feeds. To understand 
this action properly it will be necessary to explain its construc- 
tion and the method of applying the brake. 

The series and shunt coils are wound on formers so as to fit 
inside the upper iron pole piece, which is turned slightly taper on 
the inside and fixed to the brass tube in the centre. It is thus 
surrounded by iron on the outside, while the iron core partly 
completes the magnetic circuit on the inside, being turned at the 
top end to the same taper as the pole piece. To the lower end of 
the pole piece is screwed a dish-shaped piece of iron, square on 
the outer walls, as seen in the section. This fits easily in the brass 
box in which it moves, and the upper end of the box is fixed with 
screws to the lower end of the upper pole piece. This forms a 
very effective dash-pot, the lower iron pole piece attached to the 
core acting as a piston in the brass cylinder. Into the lower end 
of the iron core three grooves are cut through, wide enough to 
admit of three rings, one of them being seen in the section. Other 
grooved rings are pivoted lower down, and form guides for the 
upper carbon. The lower carbon is supported in a holder, held 
in its place by four brass arms, which grip a framework of brass 
supported by two rods from the top. By giving a quarter turn to 
the knob at the extreme lower end of the lamp this holder is 
released, together with the inverted sheet-iron dish, which closes 
the opening in the outer glass globe at the bottom, and the lower 
carbon holder and inner glass cliimney with its loosely fitting cast- 
iron cover can be withdrawn from the lamp for cleaning and 
renewing the carbons. 

The upper carbon is usually twice the length of the lower on^ 
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and fits ti);htly into a thin brass tube at its upper end. This is 
free to run up and down between the guide rings and the dutch 
wheels. 

When a current is switched on the iron armature is drawn up, 
together with the box at its lower end, in its endeavour to complete 
the magnetic circuit, and the clutch rings, rolling on the inclined 
plane of the box, grip the upper carbon holder, and the whole is 
thus raised bodily. When the resistance increases, owing to the 
arc increasing in length, a larger current flows through the shunt 
coil, and the core is partially demagnetised, which causes it to 
^ove down slowly, and the rings release their grip of the carbon 
holder slightly and allow it to slip, and in this way the automatic 
r^;ulalion of the feed is accomphshed. 

Fig. 109 represents another lamp, known as the "ark" lamp, 
made by Messrs Johnson & Philips. It is extremely simple in 
construction and strongly made. For parallel ivorking it contains 
only one coil in series with the arc, and a resistance is included 
inside the case to enable it to be put direct on to mains at 100 
yolts or higher if necessary. 

There is no upper carbon holder of any kind, the clutch 
gripping the carbon rod direct The current is led into the 
carbon by four small copper connectors, which make contact by 
being pivoted to one side of the centre or gravity. This causes 
them to press gently but firmly against the carbon rod, ^nd yet 
allows of its free movement under the action of the clutch above. 
This, together with the clutch, is clearly seen in the section 
{Fig. 109). 

The clutch consists of four pieces of brass, pivoted at their 
lower ends to a loose brass plate. These are connected to the 
movable iron pole piece by means of pins which press on the 
inclined surfaces of the clutch cams. When the core is raised, 
these pins press the cams inwards, and cause them to clutch the 
upper carbon. The whole is then moved up bodily, and the arc 
struck. 

As the carbons burn away the iron core falls, and with it the 
carbon rod, till finally the loose brass plate to which the clutch 
cams are pivoted rests on the framework of the lamp. The 
further downward movement of the core now releases the grip of 
the clutch cams and the upper carbon begins to slip, and so the 
feed is regulated. 
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ITie carbons for these lamps are provided with a deep groove 
near the upper end, so that when they are nearly exhausted the 
contact pieces engage in the groove, and prevent the further 
feeding of the carbons. 

The lower carbon fits into a substantial holder which can be 
screwed into and out of an insulated support. A narrow opales- 
cent glass cylinder surrounds the arc, and is pressed between two 
asbestos washers by screwing in the bottom carbon holder. The 
lamp is also provided with an opalescent outer globe of large size, 
conical in section. The resistance coil is wound on a frame of 
insulating material notched on the outer edge, and surrounds the 
box containing the iron core. This box is bored to take the en- 
larged end of the iron core, which therefore acts as a dash-pot. 

The one strong point in its favour is its extreme simplicity, 
the number of moving parts having been reduced to a minimum. 
The whole lamp is of very solid and durable construction, and 
strength and rigidity are secured by making the lamp frame in one 
casting. 

With the open type arc lamp the positive carbon becomes 
slightly coned near the end, while at the extreme end a crater is 
formed, the size of which depends on the current. The negative 
carbon burns to a point, and thus allows a certain proportion of 
the intense light from the surface of the crater to radiate into the 
surrounding space. With the enclosed arc the carbons remain 
practically square at the ends, and consequently the lower carbon 
would, with the same length arc, cut off a targe proportion of the 
light, but this is counteracted by the greater length of arc em- 
ployed. Figs, no and in show the outline of the carbons in . 
an open and enclosed arc respectively. 

The greater we make the length of the arc, the wider will be 
the zone of light having maximum illumination. But the arc can 
only be increased in length by expending on it a larger amount 
of enei^. The remaining space is illuminated by diffusion. 
With a naked arc, this zone of light round the arc is much more 
marked than when an opalescent globe is employed. In the open 
type, with its relatively short arc, some part of the crater surface 
is always cut off by the tip of the n^ative carbon, whatever point 
it be viewed from ; but with the enclosed arc, owing to the longer 
length employed and the small depth of the crater, the whole of 
the crater surface is visible through a wide angle, and we therefore 
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get a better distribution of the light with the long enclosed arc. 
The maximum intensity of light from an open arc lamp is at an 
angle of about 40° from the horizontal, and -^^ of the light is 
included between 30° and 50°. With the enclosed arc we get the 
maximum light at an angle of about 55°, while -^^ of the light is 
included between 25° and 60°, but the maximum illumination for a 
given power for the enclosed is less than for the open type. From 
figures published by Elihu Thomson we get- 
Watts per candle-power with naked arc = -5 
„ „ enclosed arc= 1.5 



^- 



Fig. I 



Fig. I 



But in practice naked arcs are not employed, and with the 
opalescent globe we should gel an efficiency of about .75 watt 
per candle-power, or half as much energy as is spent on the 
enclosed arc. 

Owing to the carbons lasting a much longer time in the en- 
closed, there is a tendency to neglect the lamps till they require 
fresh carbons, and the outer and inner globes becoming coated 
more or less thickly with silicious deposit, cut off more and more 
of the light, till the efhciency may fall olT to 3 watts per candle- 
power or even more. If this is to be avoided, the globes must be 
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regularly cleaned, which takes away the chief advantage of the 
enclosed arc, for it involves very little extra work to replace the 
carbons while the lamp is open for cleaning. 

In the direct current open type arc lamp the arc bums very 
steadily once a proper crater is formed, and with a well-made 
modern lamp the feed is practically continuous, and little or no 
fluctuation in the light is noticeable. With the enclosed lamp, 
however, the arc is very unsteady, wandering round the edges 
and over the faces of the carbon ends, giving a flickering and un- 
steady light ; so much so that both the inner and outer enclosing 
globes have to be made of opalescent glass in some cases, 
especially where a steady light is essential. 

If the current be increased beyond a certain value for any 
given size carbons, or if we reduce the length of the arc beyond 
a certain point, the arc makes a peculiar hissing noise, and the 
light given suddenly diminishes considerably. This is accom- 
panied by a fall in the potential difference on the tamp, and the 
hissing continues more or less irregularly till the arc has increased 
in length or the current diminished. 

Mrs Ayrton has thoroughly investigated this phenomenon, and 
from the results of her experiments, which were published in the 
Journal of the InslituU of Electrical Engineers in 1895, it would 
seem that the effect is due to the crater increasing in area as 
the current increases, till it finally breaks out at the side of the 
carbon. Air now having access to the crater, gives rise to the drop 
in potential and the hissing noise. Fig. 112 is a reproduction of 
a curve, one of a series given by Mrs Ayrton, showing the drop 
in potential and the point where hissing b^ns as the current 
is increased in an arc of 4 mm. length. 

A direct current arc cannot be maintained under 39 volts, 
and an alternating arc under 33 volts, and this fact, together with 
others, has led to the belief that the arc gives rise to a back e.m.f., 
but this has been challenged, and contradicted by some able 
experimenters. It is certain, however, that the arc does not 
behave as an ordinary conductor, but more like an electrolytic 
one, for the resistance of the arc is not at all proportional to its 
length. When the potential difference is measured between the 
positive carbon and a point in the arc a little way from the 
crater, by means of a thin carbon rod inserted in the arc, a large 
potential difference is found to exist, while from this point to the 
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negative carbon only a slight potential difference can be detected, 
even though the length of arc in the latter case be much greater 
than in the former case, and therefore the e.m.f,, which in ordinary 
conductors falls proportional to the resistance, does not fall pro- 
portional to the length of the arc. Again, any alteration in the 
length of (he arc does not give rise to a corresponding change in 
the strength of the current, 

The cause of a back e.m.f. is explained by some as being due 
to the carbon vapour formed in the crater condensing again on 
the negative carbon, there giving back the latent energy of vaporisa- 
tion, and so creating the back e.m.f. The question of the back 
e.m.f. in the arc, however, has long been and still is an unsolved 
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problem, the balance of evidence being for its existence ; but 
whether it be so or not does not affect the working or efficiency 
of the lamp other than limiting the working potential difference, 
though if the source and nature of the back e.m.f. were proved, 
it might lead to some important results. 

The positive carbon is often made with a core of softer carbon 
having a lower specific resistance. This not only lowers the 
resistance of the lamp, but a.ssist.s in the formation of a good 
crater, and so ensures steadier and better burning. 

The light given by an arc lamp emanating from so small an 
area gives rise to very dense shadows which are often objectionable. 
The opalescent globe, if large in diameter, overcomes this lo a 
certain extent, for the light then emanates from a body of much 
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la^er area, and the shadow cast by one portion of the globe is 
therefore tlluminatecl by the light from other portions. But as has 
been pointed out, these opalescent globes absorb a large propor- 
tion of the light, as much as 30 per cent,, where good diffusion 
is required. This will readily be believed when the illumination 
through a hole accidentally made in the globe be compared with 
a similar area with the globe intervening. 

With alternating currents both carbons burn at the same rate, 
and both become pointed. We therefore lose the great illumi- 
nating proi^erty of the crater in the direct current arc. Further- 
more, the light given by the alternating current arc is thrown 
upwards as much as downwards, and therefore unless a reflector 
be employed, a large amount of the light is lost. 

The carbons for these are always of the same diameter, and 
practically the same length, except in the enclosed, where the 
upper carbon is often twice the length of the lower one. In this 
case, when the lower carbon has burnt out, the upper one has 
only half burnt out, and can therefore be used for the lower carbon, 
and a new one of twice its length put in its place. In this way 
only one size of carbon is required. 

All the iron t^arts in the lamp mechanism when used on 
alternating current circuits must be made of laminated or sub- 
divided iron, the laminations being along the direction of the lines 
of force passing through the iron, not at right angles to them, so as 
to prevent eddy currents being induced in the iron cores and 
pole pieces {see Chapter XV., page 259)- The coils must also be 
wound appropriately, for we must make allowance for what is 
called the inductance of the circuit as well as the resistance when 
using alternating currents, and we therefore do not get the same 
magnetic effect with a given number of ampere turns when using 
an alternating current as when a direct current is used. The e.m.f. 
on the ends of the coil urging the current through it is now not 
equal to C x r, but is equal to e = cx ^k^+ (airnL)^, where r is 
the resistance of the circuit and (ajrwi,) is the inductance of the 
coil, n being the number of alternations made by the current in 
one second, and L the coefficient of self-induciton of the coil, and 
is equal to 

total interlinkings of lines and turns created by absolute unit current 
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and is always n. small fraction. A much smaller density must also 
be employed in alternating magnetic fields, and therefore larger 
cores used (see Chapter VI., page 90). 

This will probably be uninielligible to the student at this 
stage, but the consideration of all such problems must be left for 
the next year's course. It will, however, serve to show that with 
alternating currents the considerations in ihe design of the various 
pieces of apparatus are often very different from those employed 
in direct current work, and this alteration in the design is necessary 




I. Lower Carbon, 1} in. long. II. Lower Carbon, 3J in. long. 
III. I>ow«r Cirboa, 4) in. lung. 

with an arc lamp. Therefore an arc lamp will not serve equally 
well for both alternating and direct current circuits, but is made 
for one or the other. 

The light given by an alternating arc lamp, even when a 
reflector is used, is inferior to that given by a direct current arc 
using the same power. Professor Elihu Thomson gives the 
efficiency of naked alternating current arc lamps as follows : — 

Alternating current arc without reflector= 1.12 watts per c.p. 

Alternating current arc with reflector = .8 watt ]>er c.p. 
against the .5 watt per candle-power for the direct current arc. 
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The alternating arc makes a humming noise when working, 
due among other things to molecular vibration in the iron cores 
and the heated vapour in the arc. This is very marked in a large 
size lamp carrying a large current. The pitch of the humming 
depends on the frequency of alternation, and this averages from 
50 to too in England, with a tendency to decrease rather than 
increase. 

The results of a series of tests made on enclosed arc lamps by 
the National Electric Light Association Committee of America are 
shown in the curves, Figs. 113 to 117. The first. Fig. 113, shows 



I. Opal Inner, no Oulcr. 11. Opal Inner, Clear Outer. 
III. Opal Inner, Opal Outer. Direct Current. 

the influence of change in position of the arc inside the opalescent 
globe, from which it appears that most light is obtained with the 
arc at the mid-point in the globe. 

In Fig. 114 the effect of the clear outer globe is distinctly 
seen. It absorbs a certain amount of light, and gives a little 
better diffusion, while the opalescent outer absorbs a large pro- 
portion of light, but gives a diffusion practically constant over a 
very large area. 

The wavy outline of all the curves where opalescent globes are 
employed is due to the variations in the glass itself, for they vary 
largely at different parts both in thickness and translucency. 
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I. Clear Outer, Opal Inner. II. Clear Ouler, afler 106 hours. 
III. Opal Outer, Opal inner. Direct Currenl. 



I. Qear Outer, Opal Inner. II. Opal Outer, Opal Inner. 

Hi. Clear Outer, Opal Inner, coaled afler 70 hours. 

AUernaling CurrenL 
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Fig. 115 shows the absorption of light in a continuous current 
enclosed lamp after 106 hours burning, which amounts to 16.6 
per cent., while Fig. 116 shows the light obtained from an alter- 
nating current lamp after 70 hours burning, which in this case has 
increased. This is due to the arc burning to the centre of the 
globe after 70 hours, and thereby giving' a greater percentage 
light than that absorbed by the ash fanned in ihe same period, 
and therefore probably the same effect would be obtained with the 
direct current lamp in the same time. 




I. Clear Outer, Opal Inner. II. Clear Outer, with Shade. 
III. Opal Outer, Opal Inner, no Shade. Alternating Current. 



The effect of a shade on the alternating current lamp is clearly 
shown in Fig. 117, and for outdoor illumination the efficiency of 
the alternating current lamp is greatly improved by the use of a 
shade or reflector. The shape of the shade is here shown dotted, 
its curvature being well chosen for the purpose. The lower edge 
of the shade normally stands about \ in, above the arc when the 
arc is in its lowest position. 

In these curves the light is given in "Hefner" units. To 
convert these to English candle-power we must divide them 
by .875. 
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CHAPTER XIV. 

INCANDESCENT LAMPS— MANUFACTURE AND 
INSTALLA TION—PHOTOMETR Y. 

For indoor illumination, especially small rooms, the arc lamp is 
altogether unsuitable. In such cases we want a more distributed 
light, and this is afforded by incandescent electric lamps. To 
the uninstructed, these seem remarkably simple, consisting of, as 
they say, a carbon wire enclosed in a glass bulb. But to get the 
right carbon thread, and one that will last a fair lime in use, and 
not absorb more than a certain amount of power, demands careful 
attention to a great many details, as we shall see as we proceed. 

The first lamp of this type was constructed by Chief-Justice 
Grove, who supported a platinum wire inside a glass vessel, and 
connected it to a number of primary (Grove's) cells till it was 
raised to a white heat. This form, however, could not be made 
into a commercial lamp, for not only was it dear (platinum being 
very expensive), but if raised slightly higher in temperature the 
platinum would mett, and it was not till Mr Swan proposed car- 
bon in a vacuum that the incandescent lamp became a success. 
Space will not permit of a history of the lamp down to the present 
day, and we must therefore leave it, and consider the process as 
employed at the present time by the leading makers. 

To begin with, cotton wool of good quality is placed into 
banels of zinc chloride solution, where it dissolves, and sufficient 
is added to make it of the consistency of syrup. In this state 
it loses all its fibrous structure, and turns a light brown colour. 
Standing near one of these barrels is a tank of water containing 
several strong glass flasks, which are kept hot by passing steam 
into the water surrounding them in the tank. Each of these 
flasks is provided with a good fitting indiarubber stopper pierced 
with two holes into which are inserted two glass tubes. One tube 
of each flask is connected to a glass tube leading to the cotton 
solution in ihe barrel, and the other tube of each flask is connected 
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to another glass tube in connection vith an exhausting pump, 
and thus the air is slowly drawn from the flasks and the cotton 
solution sucked in. This is to free the solution from occluded 
air, and as it enters the flask and slowly dribbles in a fairly lai^e 
amount of air is drawn from it, which is further effected by being 
expanded by the heat supplied from outside. This goes on till 
the flasks are about three parts full, when they are taken away and 
others put in their place (see Fig. ii8). 

A flask containing the cotton solution that has been so treated 
is now connected to a glass tube, from which springs a number of 
other tubes furnished with glass nozzles of different sizes, each 
standing over a tall glass jar containing alcohol. The second 
tube in the indianjbber stopper is now connected to a force pump 



Fig. :i8. 

which applies a pressure on the surface uf the solution of a few 
pounds per square inch, and forces the cotton solution through the 
connecting pipes and nozzles as line continuous threads into the 
alcohol (Fig, 119). The zinc chloride solution is dissolved out in 
the alcohol, but to completely free it right to the centre (which is 
of importance) it must stand in alcohol for about twenty-four hours. 
After a small amount has been squirted in this manner, forming 
a coil at the bottom of the tall glass jar about 3 in. deep, another 
jar is put in its place, and the squirted cotton solution is allowed 
to remain In the jar for about one hour, so that the surface may 
harden a little, and allow of taking it out without fear of injuring 
it, which is done by drawing it up with hooked glass rods. Each 
coil is then placed in a small stoneware dish pierced with holes 
all round to facilitate difl'usion, and these are stacked up in a 
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stoneware vessel, large enough to hold about fifty of the smaller 
pierced dishes. Alcohol is then poured in to fill the vhole, and 
they are left so for about twenty-four hours. Because of the free 
use of alcohol in this process, the Toom in which it is done must 
be perfectly fireproof, and no lights other than electric are allowed 
in it. 

After getting rid of all traces of zinc chloride by the above 
method, the squirted cotton threads have next to be perfectly 
fireed from alcohol, and for this purpose the alcohol is drawn off, 
and the large stoneware vessel containing them is next placed in a 




sink, and water allowed to run freely through it for about seven or 
eight hours, and we then have small coils of cotton thread, but per- 
fectly homogeneous and structureless, resembling threads of glass 
rather than cotton. These are expanded very considerably, and 
in drying they contract and shrink, and some device has to be 
adopted to prevent them from breaking up in drying. One 
method is to wind them loosely on drums which have previously 
been covered with thick velvet. This allows of the threads sinking 
into the velvet as they dry and contract. 

The next process is to wind these threads on to formers, so 
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as to give them the required shape, the most common shape 
being the single loop. The former is made entirely of carbon, 
and consists of a carbon block with a step at one end, which is 
grooved on its upper surface to better support ihe thick carbon 
rod round which the cotton threads are wound. Fig. 120 shows 
the former and the method of supporting it, in a small brass frame 
with thumb screw, the whole being free to turn in the small head- 
stock fixed to the bench. A number of threads (ten to twenty) 
are first fixed to the lower edge of the carbon block with sealing 
wax ; they are then wrapped once round the carbon rod, and 
brought down to the lower edge of the carbon block on the other 
side, where they are fastened with sealing wax in the same way. 



Fig. 120. 

Another set is fixed in a similar manner by the side of the first, 
and so on till the former is full. A small block of carbon is then 
slipped between the extreme end of the carbon rod and block to 
hold them in position, and the wound former can then be taken 
from the brass clamp and another put in its place. The formers 
are now wrapped round with cotton at a point just above where 
they are fixed with sealing wax, and the ends then cut through 
with a knife to release them. This allows freedom for a further 
contraction during the process of carbonising. 

A large number of these formers with their cotton threads are 
now carefully packed edgeways into carbon crucibles; a thick 
layer of plumbago is placed in first, and then a number of formers, 
with spaces between each. Powdered plumbago is now put in to 
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fill all the spaces, and completely cover them for a depth of about 
r in. A second number of formers are then arranged above the 
first, and these are packed with plumbago in the same way as the 
first, and this proceeds till the crucible is full. It is now covered 
with a carbon lid, first pouring in a small quantity of petroleum, 
this last precaution being necessary to drive out all the occluded 
air from the crucible (as it gets hot), and so prevent the filametits 
from being burnt. When a sufficient number of crucibles are 
filled in this way, they are placed into a furnace, and the tem- 
perature slowly raised to a high degree (about t,ooo° F.), and 
they are then allowed to slowly cool down, the whole operation 
occupying close on twenty-four hours. When cold, they are 
opened and carefully unpacked, the formers being taken out one 
by one, and the filaments put into separate compartments in 
boxes ready for assortment. The filaments have now entirely 




Figs. 131 and 121. Fig. 133. 

changed in appearance ; they are much thinner, and have a shining 
black metallic appearance, and a fair amount of elasticity. Any 
that have not this appearance have been burnt, and must be 
rejected. 

The filaments are next gauged in two places by a screw gauge 
provided with a long pointer over a scale which enables the 
diameter to he read to ^^(^ mm. with ease, and they are put into 
separate boxes according to their thickness, and stocked. When 
a particular batch of lamps is required, the proper thickness for 
the filaments is determined from a consideration of the candle- 
power and efficiency required, and these are taken from the stock 
and cut to the required length, a gauge being set to facilitate the 
work. The ends of the filaments have now to be attached to 
platinum wires, and a good mechanical and electrical joint is 
absolutely necessary. 
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The platinum wire is cut up into pieces about i in. in length, 
and the end of each piece is flattened for about \ in. by passing 
them singly under steel rolls which are set to move the required 
distance, but no more (Fig. lai). These are next threaded 
through a die which turns up the flattened end, forming it into 
a tube (Fig. 122), One of these is threaded on to each end of 
the carbon filament, and held there by squeezing it with pliers 
(Fig. 123). But the joints so made are not nearly good enough, 
and they have to be cemented together. This is now usually 
done electrically. 




Ffe. las- 



Fig. 124. 



The apparatus (Fig. 124) consists of a small cast-iron box with 
a close-fitting lid, pierced with a hole, which is only provided to 
smother out the flames should the contents of the box catch fire. 
Over the box a special clamp is supported by a lever which 
enables it to be raised or lowered. The clamp consists of two 
pieces of metal, side by side, insulated from each other, each pro- 
vided with a spring clip which holds the platinum wire attached 
to the filament (Fig. 125). A strip of metal is free to swing in 
front of this, and when a filament is placed in the clamp, hanging 
downwards, supported by the platinum wires in the clips, the strip 
of metal can be brought into contact with the carbon just below 
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the junction with the platinum. If now a current be led in by 
one clip and out by the other, the filament will be short circuited, 
for the current completes its circuit from one joint to the other 
across the metal strip. This clamp is built up on a slate base, and 
everything in the room is made of fireproof material. A large 
number of these boxes so provided are attached by iron pipes to 
a large cistern fixed on brackets to the wall outside the building, 
and the cistern is kept constantly supplied with benzene. This 
ensures that the small cast-iron boxes shall be always full up to a 
prearranged mark. 

The process consists of first arranging the filament in its 
clamp, as shown in Fig. 124, then (after placing the short cir- 
cuiting strip of metal in position) lowering it into the liquid till 
the joints are well covered by it. A current of electricity is now 
switched on, which (by means of a regulating resistance at the side 
of the operator) is adjusted in strength till the joints are seen to be 
glowing under the liquid. The reason for them glowing is due to 
the heat developed in overcoming the resistance of this part of the 
circuit. Now benzene is a substance veiy rich in carbon, and it 
is easily decomposed at this high temperature, the carbon being 
deposited at the point where it is decomposed, consequently in 
a few seconds after it starts to glow, the current is switched oflf, the 
clamp raised, and we find the joints beautifully united with a 
cement of carbon. 

The benzene cannot catch fire while the joint is kept well 
under the surface, for there is no air or oxygen in contact with it, 
which would be necessary if the benzene is to burn, but should the 
operator bring the joint to the surface before switching off the 
current the benzene would undoubtedly catch fire. To prevent 
this, which might prove a disastrous accident, the circuit is broken 
by the clamp lever in raising it, and this is independent of the 
r^ulating resistance switch for the operator's use. 

If the carbons are examined at this stage under a microscope 
they will be found to be quite porous, with relatively large gaps in 
places. This would cause the filament to glow much brighter at 
the points where the section is smallest, and it would break in 
a very .short time if left in this condition, for the strength of the 
filament is given by the strength of its weakest part. These holes 
are caused in the process of carbonising, for during that process a 
large amount of hydrogen and other gases were driven off, leaving 
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only carbon behind. To make the filaments serviceable, these 
pores or holes must be filled up with carbon, so as to give a 
perrectly uniform sectional area throughout. This is done by the 
process known as flashing. 

The apparatus for flashing is shown diagrammatical I y in Fig. 
iz6, and consists of a large indiarubber pad on top of which are 
fixed two clamps similar to those used for cementing the joints, so 
that the filament may be supported by the platinum wires in an 
upright position, and these are connected to the mains through a 
regulating resistance switch. A tube passes air-tight through the 




F^ iz6. 

rubber pad, and is connected to a three-way cock on the bench. 
There is also a pressure gauge connected by a small tube through 
the pad, and a bell jar is arranged so as to be readily drawn down 
on to the indiarubber, and so enclose the filament and tubes. One 
of the cocks connects the tube attached to it to an exhausting 
pump, which very quickly removes most of the air from the Space 
inside the bell jar. The second cock connects the space to a 
much better vacuum pump which slowly brings down the pressure 
inside to a small value, as read on the pressure gauge. The 
third cock connects the space to an air-tight vessel containing 
benzene, and owing to the low pressure inside the bell jar it 
immediately fills with benzene vapour. A current is now switched 
on to the filament till it glows, at first showing bright spots. 
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These parts being at a much higher temperature, decompose the 
benzene vapour faster than the remaining portions, and so carbon 
is deposited at these weak parts most rapidly, and the bright spots 
soon disappear. The current is then increased, and so carbon is 
deposited till the filament is perfectly uniform and its resistance 
brought down to the required value, which is known by putting 
down a double contact key connecting the filament to a Wheat- 




stone bridge after switching off the current, and the flashing is 
repeated lill a balance is obtained on the bridge, as seen by a sensi- 
tive galvanometer close by. The filaments being al! alike in length, 
it follows that they are also alike in sectional area when they 
have the same resistance, and will all absorb the same amount 
of power when connected to the same difference of potential. 

The filaments have now to be sealed in glass globes, which 
are blown from a piece of glass tubing about \ in. in diameter and 
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\ in. thick in the wall, after which a tube is blown on the end, 
about y\ in. in diameter and 3 in. long, to attach the bulb to the 
vacuum pump. The junction is constricted so that it may be 
easily sealed after exhausting, as shown in Fig. 128. The large 
end of the tube is now sealed up near the bulb, then blown out and 
expanded with a tool to admit the filament, which partly springs 




Fig. 130. 



in. The platinum ends are stuck on to the side of the opening 
and adjusted in position so as to put no strain on the filament, 
and to hold it symmetrically in the bulb (Fig. 1 29), The opening 
is then closed by squeezing the sides together, and while the glass 
is still soft the corners are snipped off. Two small dents are made 
in the top of the bulb with a blunt tool, and the projecting 
platinum wires bent round and again sealed in the glass, as shown 
in Fig. 130. 
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While this operation has been proceeding a porcelain crucible 
has been standing over a Bunsen burner, and is now red hot. The 
bulb with the filament inserted is placed into the crucible and led 
to slowly cool by swinging it from over the flame on a turntable, 
while another crucible takes its place to be ready for the next bulb. 
This is to anneal the joints between the glass and the platinum. 
If allowed to cool quickly the glass at this point would probably 
crack. 

The bulbs are now connected to the vacuum pump by blowing 
them on direct, indiarubber tube connections not being admissible, 
for the bulbs are heated very considerably to facilitate the ex- 
haustion. About six lamps are con- 
nected at a time, and a fine wire is 
twisted round one of the platinum wires 
of each lamp, thus connecting them 
all together. A second similar wire 
connects together the other platinum 
wires, and the lamps are thus put in 
parallel 

The pump employed for this work 
is some form of the "Sprengel" mer- 
curial pump, the action of which will 
be best understood by considering the 
simplest form (Fig. 131). Here a long 
glass tube is furnished with a funnel- 
shaped top, and a second tube is blown 
on near its upper end to which the 
lamps are attached- This tube is 
supported in a vertical position directly 
over a receiver, and a constant supply 
of mercury is kept in the funnel. The 
mercury runs down the small tube, but 
in its passage encounters the air con- 
tained in the lamps and tube attached, 
and drives a little in front of it This 
causes a partial vacuum behind it, and 
more air from the lamps rushes in, 
and the mercury coming behind carries this in front of it down the 
fall tube, as it is called. This action causes the mercury to divide 
up into little globules or pistons as it passes the junction to the 
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lamp tube, and each pisloti of mercury carries a certain quantity ' 
of air in front of it. The process would be expedited if the 
lamps were heated and the air they contain expanded, also if we 
had more fall tubes connected to the same lamp tube, the time 
taken to exhaust the lamps would be practically inversely pro- 
portional to the number of fall tubes. The mercury that runs 
down to the receiver can be poured back into the funnel at 
the top when the mercury in it is getting low, and this is often 
done automatically. 

When the lamps are blown on and connected up in parallel as 
described, they are first connected to a powerful air-pump which 
takes a very large proportion of the air from them with a few 
strokes of an engine installed for this purpose. They are now 
connected on to the mercury pump to exhaust them to a much 
higher degree. A sheet-iron cover is then lowered over them, and 
a large Bunsen burner kept burning under it to heat the bulbs 
and expand the remaining air. As the exhaustion proceeds, the 
filaments can be brought lo a dull red heat without injury, and 
later on are brought to incandescence, and the expansion of the 
residual air thereby increased. At the final stages they are often 
run at a higher voltage than the normal, and the filaments are 
glowing with great brilliancy. While this is proceeding a faint 
blue flame appears at the junction of the carbon and platinum 
which slowly disappears, and when it vanishes the exhaustion is 
complete, and the lamps are disconnected from the electrical 
supply singly, and taken from the pump by blowing off the small 
tube near the bulb with a small blow-pipe flame, thus sealing the 
bulbandalsotheendof the tube from which it has been taken, and 
so preventing the vacuum in the remaining lamps being destroyed. 

The lamps are now tested, to see that the sealing off has been 
eflectually accomplished, by placing them one at a time on a well- 
insulated metal dish containing brass filings, and connected to 
one pole of a small transformer which raises the pressure to 1,500 
or 2,000 volts. The operation is performed in a dark room, and 
if the vacuum is good no effect is obsen-ed in the lamp. If, how- 
ever, the vacuum is imperfect, the bulb glows slightly with a red 
or blue tint, depending on the nature of the rarefied gas inside, 
and these must be returned to the pump and be exhausted afresh. 
If found perfect in this respect they are next tested for spots, for 
a filament which exhibits bright spots at the moment of switching 
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on will not last long, for these are weak spots. They are often 
undiscernible when the lamp is glowing normally, but show up wel! 
at the moment of switching on, for they are the first points to 
become incandescent owing to their increased resistance. The 
test is made by connecting the filament to a potential difference 
above the normal voltage, by means of a carbon plate and carbon 
block in a suitable handle. By tapping the plate with the carbon 
block, the spots, if they exist, are very marked. If they are free 
from spots, the carbon block is held down for a short time to test 
the filament as a whole on the higher voltage (Fig. 132). 




Fig. 132. 

The lamps are now transferred to the photometer room, and 
the candle-power and efficiency of each carefully measured by 
two independent operators on two different photometers, a record 
being kept of each (see Photometry), and if the readings obtained 
by the two operators agree within a certain limit they are passed 
on to the capping department. Here short lengtiis of tinned iron 
wire are soldered to the ends of Ihe platinum wires, and a large 
number are then arranged in racks, with the wires standing verti- 
cally upwards. A brass collar, furnished with pins for the bayonet 
joint, or a coarse screw for the "Edison " type, is slipped over 
each, and thin plaster-of-paris poured in to fill the caps (Fig. 133). 
When the plaster begins to set, a brass contact stud with inwardly 
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projecting teeth and a small hole in the centre is threaded over 
each wire, and pressed into the plaster-of-paris till they are flush 
with the top of the cap. Care must be taken that the two contacts 
do not touch each other or the cap, and also that the relative 
position of contacts and pins is correct, the pins in the cap being 
in line with the space between the contacts (Fig, 134). 

After the plaster-of-paris has properly set, the iron wires are 
bent back on the contacts and soldered, the ends being snipped 
off close. The capping is now tested by connecting wires from 
the mains through a second lamp to either contact and the cap. 
If there be a connection between them this lamp will light up. 




Next by connecting the wires to the two caps. If they are short 
circuiting the filament, the lamp will again light up; but if not, both 
the lamp being tested and the second lamp will be put in series, 
and both will glow dull red (Fig. 135). 

The lamps are now packed into baskets, which are divided 
into compartments to hold about fifty lamps each, and these are 
stacked up in a room kept at a temperature of about 90* F., while a 
current of air is kept circulating through them by means of a fan. 
They are left here for four or five days, so that the plaster may 
thoroughly harden, and they are then tested once more to see that 
the caps have remained straight while the plaster has been drying. 
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This is done by inserting them first into one lamp-holder and 
then into another fixed at right angles to the former, and 
they must stand approximately upright in both positions, after 
which they are cleaned with dry cloths, and the proper marks 
put on. 

The marking is often done by means of indianibber stamps 
and hydrofluoric acid, which has the property of eating into 
glass, and must therefore be kept in guttapercha vessels. The 
usual marks are voltage, candle-power, efficiency, and maker's 
name. 

If the lamps are to be frosted they are held in a sand-blast. 
The apparatus consists of an iron enclosure with a window in 



front, and armholes. Near the centre is stretched a sheet of 
indiarubber, and another sheet is stretched a little way below the 
roof to prevent the lamp from breaking if it should fly out of the 
operator's hands. At the centre of the lower sheet, a small nozzle 
projects, through which is forced a fine stream of sharp sand. The 
lamp is held in this and turned about so that all parts of it are acted 
upon. The sand very quickly covers it with fine scratches giving 
it a frosted appearance. If a pattern is required, a stencil has to 
be put over the lamp, and only the parts of the glass facing the 
openings in the stencil are then acted upon by the sand. 

The lamps are now wrapped up in special wrappers, each of 
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which is stamped with the voltage and candle-power of the lamp 
enclosed, and they are then packed up in wood boxes ready for 
despatch. 

These lamps will last for a certain number of hours in use, 
depending on the care taken in manufacture and on the efficiency. 
If the vacuum be at all imperfect, it shortens the life of the lamp 
very considerably. If the filament develops spots, it must neces- 
sarily break at the weakest point in a short time, as the carbon 
tends to leave the filament and deposit itself on the glass, and the 
weak spot being at the highest temperature, loses most, which 
makes it still weaker, and a time comes when it reaches such a 
high temperature that it volatilises completely, and the filament is 
broken. This tendency of the carbon to deposit itself on the 
glass, due to imperfect vacuum, is very objectionable, for the 
blackening of the bulb due to it cuts off a certain percentage of 
the light, and lowers the efficiency. Again, the carbon leavit^ 
the filament uniformly (supposing there be no spots) thins it 
down, making it of higher resistance. It therefore takes a 
smaller current, and the light is considerably less, the efficiency 
being less on this account also because of working at a lower 
temperature. If the blackening is very pronounced, it often pays 
to replace the lamp by a new one, for by its use we are paying 
a high price for the light we get from it. Cheap lamps of inferior 
quality are greatly addicted to this fault, a certain amount of 
blackening being noticeable even after the first few hours' use. 
They also often break away at the junction between the platinum 
and carbon, for unless care be taken in sealing the Rlament in, 
it is very easy to put a slight strain on it, and so weaken it 

At the high temperature to which the filament is brought when 
working, a certain amount of the carbon is, even in the best, slowly 
disintegrated, and in course of time the weakest spot in the filament 
is unduly heated, and slowly gets weaker, depending on the tem- 
perature to which the filament is raised. This weak spot, once it 
manifests itself, develops at a greater and greater rate till it finally 
breaks^ It is evident that the life of any given lamp depends 
upon the temperature of the filament, which again depends on its 
efficiency. Lamps can be made to have almost any efficiency we 
please. Take for example a i6 c.p. loo volt lamp. If the filament 
be made thinner and shorter the resistance can still be kept (he 
same, for though we increase the resistance by making it thinner, 
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we decrease it by making it shorter. It will therefore talte the 
same amount of power when connected to the same difference of 
potential, but this amount of power is put into a smaller amount 
of material, and the temperature is consequently much higher, and 
the light obtained much greater also. But at this higher tempera- 
ture the filament will be more quickly destroyed, and therefore 
what we save in efficiency we spend in lamps, consequently we 
have to decide whether it is cheaper to have high efficiency lamps 
and more of them, or lower efficiency lamps and a smaller lamp 
bill. This can only be decided by considering the price of the 
Board of Trade unit, and the price paid for (he lamps. Of late 
years the last mentioned has been very considerably reduced 
owing to competition, and at the same time the quality of the 
lamps has in many cases been well tnainiained even at the re- 
duced price. This enables us to use higher efficiency lamps than 
formerly, and the common efficiency employed in towns and places 
where the power is rather costly is from 3 to 4 watts per candle- 
power. In places where the cost of power is very low, it pays 
best to use lamps of a lower efficiency, and so save on the lamp 
bill more than is spent on the extra power required. 

The following table gives particulars of tesis made with two 
16 c.p. 100 volt lamps, taking the mean value for the two. lliese 
were run at 100 volts continuously, and current and candle-power 
measured at intervals. 
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From these tests we notice that the light given increases slightly 
in the first few hours, but soon begins to fall off at a rapid rate, 
till after 1,600 run it has reached a point where it pays to replace 
the lamp by a new one. 
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The following table is taken from a series of tests made from 
samples of loo volt i6 c.p. lamps, of different makes, to test the 
life with varying voltage : — 



Voluw. 


Hoon Uf.. 
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2,7S» 


10 


98 


1,64s 




99 
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Several attempts have been made to use incandescent lamps 
of low voltage in series, but with very little success. The method 
now adopted almost exclusively is to connect them in parallel at 
a constant difference of potential. A pair of mains are taken from 
the basement, where the meter is usually fixed, to a distributing 
board, these mains being large enough to carry the current for the 
whole number of lamps to be installed, due allowance being made 
for a subsequent small addition. The distributing board is made 
of slate or porcelain, and contains two brass bars, or better still, 
two separate boards with a single bar on each, to which the mains 
are connected. From these bars a number of pairs of mains are 
run to the different floors, each pair being provided with a switch 
and fuse. The size of the mains depends on the size and number 
of lamps required for each floor. A similar but smaller distributing 
board is usually fixed on each floor, and the corresponding pair of 
mains from the distributing board in the basement is connected 
to the brass bars or omnibus bars as they are called. From these 
radiate a number of smaller mains provided with switches and 
fuses on the distribution board, to which are connected certain 
groups of lamps on that floor (see Fig. 136). In this way, if 
anything goes wrong with one circuit, only that part need be in- 
terrupted in the supply, and by disconnecting this circuit from the 
distribution board the fault is easily located and repaired. There 
is also a minimum of joints to be made, and joints are often weak 
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points in the installation. The sizes of wires and cables are in 
practice usually taken from a wiring table, one of which is given 
below. It can, however, be easily calculated when we fix on the 
maximum allowable voltage drop in the installation, and measure 
up the distances and current on each floor thus : — 

Suppose a three-floor installation — Current on first floor, 50 
amperes ; second floor, 30 amperes ; and third floor, 20 amperes. 
Distance from meter to first distribution board = 10 fi.; from first 
to second distribution board = 30 ft. ; from second to third distri- 
bution board = 30 ft.; and from third distribution board to furthest 
lamp = 5o ft.; while maximum allowable voltage drop between any 
two points = 1.5 volts. The si^ie mains all through can now be 
calculated from the maximum allowable current density as explained 
in Chapter III. 

The longest distance run in the building = izo ft. = 40 yds. 

At 1,000 amperes per square inch the voltage faU = . 0475 X40 
= 1.9 volts. 

Therefore 1.9 : 1.5 :: 1000 amps. sq. in, : x amps, per sq. in. 

Therefore — 

Current density allowable = —-• — =789amps.persq. in, 
1.9 

The mains from meter to first board carry a current of 100 
amperes, therefore they must be W\ sq. in. in section. The mains 
from first to second board carry a current of 50 amperes, therefore 
they must be -Y^ sq. in. in section. The mains from the first to 
the third board carry lo amperes, and therefore they must be 
tA **1- '"■ '" seclio:i. The sixe of the conductors on each floor 
is found in the same way. For instance, if one pair runs from the 
board to a group of ten lamps and carries a current of 5 amperes, 
then these must be -^\^ sq. in. in section, and so on. In this way 
the current density is kept the same throughout the whole installa- 
tion, and at that current density we get no more than the allowable 
voltage fall on the given length. If there is a possibility of subse- 
quent additions to the lighting, larger mains should be put in. 

If we had taken the current density as 1,000 amperes per square 
inch, the volt^e drop would have been just under 2 volts on the 
same installation. 

The following table has been made up allowing 1,000 amperes 
per square inch, which is a very common current density in this 
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class of work. This gives a voltage drop on the two mains of 
.0475 vott per yard as shown in Chapter lit. 
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Each circuit must be provided with a fuse which will melt if 
the current exceeds a cer[:tin predetermined value. This is found 
to be absolutely necessary, for should a short circuit occur, the 
current would immediately rush up to some high value depending 
on the resistance of the short circuit, and the heat being propor- 
tional to the square of the current, would soon melt the insulation 
on the cables and set fire to the building. By placing a fuse in 
the circuit we make this by far the weakest spot in the circuit 
electrically, and therefore this piece will be destroyed long before 
the cables would have time to get appreciably hot or even warm. 
The fuses are usually made of tin wire, but sometimes lead or a 
mixture of tin and lead is employed, and again thin flat strip is 
sometimes used instead of wire, but the largest proportion at the 
present time are made of tin wire, which has a definite and low 
melting point. These should be at least i^ in. in length, other- 
wise the terminals will conduct the heat away so rapidly that the 
current required to fuse the wire may be much greater than is 
intended. The fuses must be mounted on fireproof supports 
made usually of glazed porcelain, and one can be placed on each 
conductor or a single fuse on one conductor only. 
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The main fuses should be of the double pole type, i>., one on 
each main, because certain faults may arise which would allow of 
a large and perhaps destructive current flowing, which would not 
be safeguarded by a single pole fuse. For instance, suppose there 
happen to be an earth connection on the supply company's side 
of that main which is provided with a fuse, and an earth connec- 




Fig, 136. 



tion should now spring up on the other main, a large current 
would flow without passing through the fuse at all, which may 
prove dangerous. 

On a low resistance short circuit the fuse usually explodes, for 
the current travels through the body of the wire healing all parts 
alike, but the outside, being in contact with the air, is always the 
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coldest part. Therefore the interior portions melt and volatilise 
while the outside skin is still solid. This effect is often increased 
by the outside becoming slightly oxidised. If the short circuit 
be a high resistance one, the wire will only slowly heat to the 
melting point, and will then break through the weakest point, 
similar to the lamp filament, and the fuse wire remains with but 
a short gap in it. In the former case little or none of the fuse 
wire remains, except for very short lengths under the terminals. 
A table is given below of the size of different fuse wires which 
will fuse when the current reaches the value given. Of course 
any smaller fuse wire can be made to take a much larger current 
by putting several of them in parallel. Thus, suppose we have 
5 ampere fuse wire, then by putting two lengths between the fuse 
terminals it will go at 10 amperes, three lengths at 15 amperes, 
and so on, for the current in the mains will divide equally between 
them if they are carefully inserted, so that all are making good 
contact with the terminals. 
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The fuses should be so chosen that they will melt when the 
current reaches T.3 to 1.5 times its normal value. 

Photometry. 
The efficiency of a lamp is expressed in "watts per candle- 
power," and to measure the efficiency it is therefore necessary to 
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measure the candle-power obtained wiih !i given expenditure of 
energy by comparing it with the light given by some standard. 
Of all things measured in science that of luminosity is perhaps the 
least exact, for the standards employed are far from perfect. In 
England a special candle is used as the standard source of light, 
made of spermaceti, which burns at the rate of i ao grains per hour 
with a flame 1.8 in. high, but large variations are found to exist 
when a number of these are tested one against another. 

In Germany a lamp, known as the Hefner-Altenck, is laigely 
used. It bums amylacelate with a circular wick of prescribed 
cross-section, and a flame of a fixed height= 1.6 in. It gives a 
light of. 875 English standard candle. A candle is also used in 
Germany made of paraffin wax, .8 in. in diameter, the wick con- 
sisting of 24 threads, which weigh 10.2 grains per yard, and pro- 
duces a flame 2 in. high. In France a standard known as the 
Carcel burner is often used, which burns pure colia oil at the rate 
of 42 grams per hour, with a flame 4 cm. high. Taking the light 
given by the English standard candle as i, the French Carcel 
lamp gives 9.5 candles. As a substitute for the standard candle 
in England, a lamp has been tried with more or less success, 
known as the pentane lamp. Pentane is a volatile liquid, having 
the composition CbH,^ volatilising at 35° C. The wick is circular 
in section, and is moved up and down in the ordinary way. The 
lamp burns the pentane vapour in a slender jet, and the luminosity 
of the flame increases with its height. The burner is covered by 
a divided tube, the distance between them being adjustable by 
screws at the side. This adjusts the length of the flame used as 
standard, distance pieces being provided to facilitate this. 7' wo 
slits in the top tube are used as index for adjusting the length 
of the flame- 

Another standard, commonly employed at present in this 
country, is that due to Mr J, Methven, and known as the Methven 
screen. In this a London standard Argand burner is supplied 
with ordinary coal gas, the flame being adjusted to 3 in. in height, 
as seen by the tip of the flame being just visible above two hori- 
zontal pins projecting from the screen. In the centre of the 
screen a slot is cut out, covered by a small silver plate with a slit 
\ in. wide, through which the light passes to the photometer, this 
light being equal to z candle-power. The lamp is provided with a 
glass chimney, which must be kept perfectly clean and allowed to 
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reach a fixed temperature before a reading is taken with it (three or 
four minutes after lighting the burner being usually sufficient time 
to allow). There Is the objection that the quality of the gas varies, 
and with it its illuminating properties, but from a long series of 
experiments made it has been shown that the light passing through 
the slit varies with the length of the flame very muc:h more than 
with the quality of the gas, and for all practical purposes the latter 
is negligible and gives rise to far less variation than is found to 
exist between different standard candles. 

Where the standard candle is employed it is usually arranged 
to have two supported by a balance arm and weighed at the 
beginning. At the end of the test the candles are again weighed, 
and the loss in weight in grains multiplied by 60, and the result 
divided by the time in minutes taken in making the measurement 
should= ISO, If it burns too fast or too slow a correction can be 
applied proportional to the difference found in any given case ; 
thus, suppose we find the loss in weight = 44 grains, and the 
candles were burning during the experiment for 10 minutes, then 
each candle lost 22 grains. 

Therefore = 132 instead of 120, that is 10 per cent. 

too great a rate of burning. We must therefore add on 10 per cent, 
to the light of the candles, or, instead of calling the standard 2 
candle-power, we must take it as 2.2 candle-power. 

The method of determining the luminosity of any source of 
light in terms of the standard is done by means of an instrument 
known as the photometer. There are many varieties, but the 
simplest is that known as " Bunsen's." It is made by placing a 
sheet of clean white absorbent paper (blotting paper will do very 
well) on the centre of which has been placed a very small piece 
of perfectly clean paraffin wax, in an oven or in some warm place 
where the wax can melt without the paper being smoked. When 
this cools we have a white sheet of paper with a small spot of 
grease in the centre. Looking at it with the light shining on it, 
the grease spot looks blacker than the paper, but looking at it 
with the light shining through it from the back it looks decidedly 
brighter, and when the light on both sides of it is equal in in- 
tensity, the spot of grease is practically invisible, or if not so, the 
two sides of the paper look exactly alike. 
This grease spot screen is arranged in a suitable support on a 
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scale, so placed that it can only receive light on the one side from 
the standard, and on the other from the lamp being tested, and 
the screen is moved till the giease spot is invisible. We then 
know that the light from the lamp on the screen is equal in 
intensity to the light on it from the standard candles. 

Now the light received on the screen from a given source of 
light varies as the square of the distance between them. This 
will be readily understood if we suppose a lamp to be placed in 
the centre of a globe or sphere. All the light from the lamp is 
then falling on the inner surface of the sphere, and each unit of 
area is receiving a certain amount of light. If now we replace 
the sphere by another of twice the former diameter, it is evi- 
dent that only the same amount of light is now falling on the 
inner surface of the second sphere, but this sphere will have four 
times the amount of surface compared with the smaller one, for 
the surface of a sphere is proportional to the square of the radius. 
The same unit of area can therefore only have one-fourth the 
original amount of light, for the same amount of light is spread 
over four times the area. The distance of this unit of area is, 
however, only twice the original distance from the source of 
light, and therefore at twice the distance we only get one-fourth 
the amount of light. 

Knowing that the light from the two sources on the screen is 
equal, and that the light falls off as the square of the distance, all 
we have to do is to determine the position of equal luminosity on 
the screen, and measure the distances from it lo the standard and 
to the lamp. (The distances are often made direct reading on 
the scale.) These distances are now to be squared, and 
Light of lamp : light of standard : r 
(disL from lamp to screen)' : (dist, from standard to screen)^. 
Thus, suppose the standard = 3 candle-power, and the distance 
from screen to standard = 50 cm., while the distance from the 
screen to the lamp = 141.4 cm,, then — 

^•.x :■.%<?: 141.4! 

Therefore^=Hi^» = 4^=i6 cp. 

ide 
of 



The frame supporting the screen is usually provided with two 
mirrors, one on either side, arranged on an angle, so that the 
observer looking straight in front can see both sides of the screen 
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at the same time, which enables a better adjustment of the balance 
being obtained 

The whole of the apartment should be painted dead black, so 
as not to reflect the Hght, and screens are usually provided with 
holes to ailow only the light in the horizontal line with the screen 
to come through, otherwise the more powerful light would by 
diffusion and reHection tend to illuminate the far side of the 
screen, and cause inaccurate balance. 

When balance is obtained the readings of the photometer 
scale and the power absorbed by the lamp are noted, and the 
lamp is then numbered to identify it again. It will be evident 
that a scale could be affixed to the photometer, which with a 
given standard would read in candle-power direct, and this is 
often done. The efficiency is then obtained by dividing the 
power absorbed by the candle-power, which gives the efficiency 
in terms of " watts per candle-power." Thus, if the lamp takes ,6 
ampere at loo volts, and is found to give 16 candle-power, then, 

efficiency = ' '^ "° -3.75 watts per c.p. These lamps usually 

give different values when viewed from different positions, there- 
fore they should be measured in two positions at right angles, or 
better still, the lamp should be measured while revolving rapidly. 

A great variety of photometers have been devised from time 
to time. But " Bunsen's " is still used by the Board of Trade, 
and in many places in this counfry. Within the last fe%v years, 
however, a photometer known as the Lummer-Brodhun has come 
into fairly extended use. It consists of a brass box with an 
aperture through one end, arranged in line with the sources of 
light. An opaque screen of fine white porcelain is inserted in the 
centre of the aperture, and its surfaces are illumined by ihe two 
sources of light. Inside the box is an arrangement of right-angled 
prisms (see Fig. 137) which enables us to see both surfaces of the 
opaque screen at the same time, through a small telescope fixed 
to one side of the box. Directly in line with the telescope are 
two right-angled prisms, the hypotenusal base of one having been 
etched except for a small spot at the centre, which is left pohshed ; 
the other is treated in a similar way, but a latter spot is left 
polished on its surface. These are placed with their bases together 
so as to form a cube. The observer looking through the tele- 
scope sees straight through the smaller spot in the centre of the 
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cube, and then by total reflection in the right-angled prism in 
line with the line of sight he sees the far surface of the screen 
as a small white disc magnified by the telescope. He is also 
able to see the other surface of the screen, as a ring round the 
centre disc, for the half cube having the larger central polished 
part, acts as a simple total reflecting prism, except for the part 
at the centre where the two polished surfaces form a continuous 
transparent path through the two prisms. The observer, therefore, 
by seeing directly through the cube at the centre, and also by 
total reflection, from the parts of the half cube surrounding the 
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clear centre part, and again through the single right-angled prism 
on his near side, can see both surfaces of the screen, a portion 
of one forming a disc, while a portion of the other forms a ring 
round the disc. If one surface be brighter than the other, the 
ring will appear either brighter or darker than the disc, but when 
both surfaces are equally illuminated there is no outhne between 
the ring and disc, and we get the appearance of a lar^e evenly 
illuminated disc in the telescope. It is essential that the two 
surfaces of the screen be kept perfectly clean, and also the sur- 
faces of the prisms should be free from dust. 

Wheatstone, the inventor of the automatic telegraph instru- 
ment, and A. B.C. instrument bearing bis name, besides the 
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Wheatstone bridge and many other ingenious and most useful 
inventions, also invented a photometer, which though not em- 
ployed much to the author's knowledge, is still very interesting. 
It consists of a small disc of brass blackened on the surface, and 
studded with a bright steel ball, which is made to rotate with an 
eccentric motion at a high speed. If now we have a light shining 
on this as it rotates, we see a wavy bright line of light owing to 
the persistence of vision, but if two sources of light shine on it at 
the same time we see two wavy bright lines intermixing, and one 
line looks thicker and brighter than the other when the illumina- 
tion of the two sources differs. The distinction is as definite as 
some photometers in everyday use, and if mounted on a rigid 
holder, and rotated by a small motor, it should give very fair results. 

In determining the position of balance for the screen, it often 
happens that two different operators obtain different readings 
under the same conditions, depending on peculiarities of the eye- 
sight. It is to avoid this personal eiror that two operators are 
employed to measure the candle-power of each lamp as mentioned 
in the consideration of incandescent lamp manufacture. Another 
source of error is due to the light of the lamp being different in 
colour to that of the standard, which prevents a perfect balance 
being obtained by any operator, and for this reason a number of 
incandescent lamps are often measured with appropriate care, 
and these are then substituted for the candles. These secondary 
standards are checked from time to time by again comparing them 
with the standard candles. 

The light given by an arc lamp being so much more intense 
than that of the small glow lamp, wc cannot proceed in the same 
manner, for we should be working with the screen quite close to 
the standard, and so get a very uncertain balance, which may 
mean very large errors. Again, the much larger diffused light from 
the arc lamp than from the standard would cause further errors, 
and therefore we must use a much longer photometer with a much 
higher value for the standard, or make some arrangement to cut 
off a known fraction of the light from the arc lamp. 

In the first method some intermediate lamp is carefully mea- 
sured by comparison with the standard. This can be a large 
gas burner, or say a 50 c.p. incandescent lamp (even this being 
obtained if need be by comparison with a 16 c.p. lamp which has 
previously been standarised). The arc lamp is now placed at 
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some distance {S or 10 yds.) from the 50 c.p. lamp, and the 
balance obtained in the usual way, the distances being measured 
up in inches or centimetres (any scale will do, providing we keep 
the same for measuring both sides). 

In the second method it is preferable to use a longer photo- 
meter than that required for small incandescent lamps, which need 
not be more than z yds. long. An opaque disc of such a size 
that half of it cuts off the light of the arc from the photometer is 
fixed to a horizontal spindle, and is capable of rotation in front of 
the arc by a motor. One or more sectors are cut in the disc, so 
that the light from the arc only shines on the photometer when 
a sector is in front of it. Suppose the width of the screen between 
the sectors be equal to the width of the sectors, then the screen 
will cut off half the light, for the light we get on the photometer 
when the screen is rapidly revolved is a resultant value, the per- 
sistence of vision preventing us from seeing any fluctuations when 
the speed of the disc is above a certain value, depending on the 
number of sectors. But we can arrange for the sectors to occupy 
any fraction of the total area we please, and so cut off any fraction 
of the light, and the candle-power obtained must then be multiplied 
by the reciprocal of the fraction of light employed. Thus, suppose 
the screen cuts off y'g^ of the light, then we are only using ^^ of the 
total light of the lamp, and if on calculating out we find this is 
equivalent to 85 c.p., then we must multiply 85 by -j-=io, so 

TTT 

that the candle-power of the whole arc = 85a c.p. 

The method adopted for measuring the photometrical value of 
arc lamps by the National Electric Light Association Committee is 
interesting, and may be considered as embodying the best practice 
in this branch of the work. In this case two mirrors are employed, 
one on either side of the lamp, which gives a much better illumina- 
tion of the photometer disc when the arc wanders from side to side, 
as is the case with alternating and enclosed arc lamps. A rotating 
sector is employed with very narrow angular apertures, revolved 
by a small motor. 

The arc bmp is arranged in line with the photometer, and at 
a fairly large distance from it, the angleofincidence of the reflected 
beams of light being 5° 54', while the direct light from the lamp 
is cut off by a screen. 

Of course there will be a slight error due to the incident lays 
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not being normal to the screen, but a correction can be made if 
desired by dividing the intensity as measured by the cosine of the 
angle of incidence, but if the angle be small, as in this case, the 
error is negligible. 

The arrangement of the photometer and lamp is shown in 
Fig. 1 38, but the distance between them should be relatively much 
greater. The mirrors must be of such a size that the whole of the 
outer globe is visible when viewed from the photometer. They 
are supported by balanced arms, so as to be adjustable for various 
angles of illumination. 

With this arrangement it is impossible to move the photometer 
head, therefore the standard is made movable by connecting it by 
means of an endless band to a small hand wheel in front of the 
photometer. 



© \ 



On the front of the photometer a scale is fixed, and when 
balance is obtained a mark is made on the scale at the position 
of the standard by pressing a key which closes the circuit of an 
electro-magnet carried on the standard lamp carriage, the armature 
of which is thereby attracted and records its position on the scale. 
Thus a record is kept of each test, and the mean of three or four 
readings can be easily found. 

The operator, screened from all external sources of light, sits 
in front of the photometer, and moves the standard lamp with 
one hand and presses the key with the other, when balance is 
obtained. 

The standard employed is an ordinary incandescent lamp, and 
a second reserve standard is fixed to an arm % metres away, 
which can be swung into position by the operator, and the work- 
ing standard checked from time to time by comparing them. This 
reserve standard is therefore never burning more than a minute or 
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so at a time, and is occasionally calibrated very carefully with a 
Hefner or other standard. 

If the arc lamp be particularly weak in any test, the standard 
can also be reduced in intensity by means of a series of stops, 
and its value again compared with the reserve standard at the end 
of the test. 

Where great accuracy is not required, it is sometimes suflident 
to interpose a sheet or sheets of milky white or smoked glass, and 
obtain a balance in the ordinary way, after which the amount <A 
light cut off by them can be measured by means of an incan- 
descent lamp and standard candles. 
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CHAPTER XV. 

THE CONTINUOUS CURRENT DYNAMO. 

In Chapter V. it was shown that an e.m.f. is developed in any 
conductor that cuts through lines of force, and that the value of 
the e.ni.f. so developed is proportional to the rate of cutting. Thus, 
one conductor cutting one line of force in one second has t 
(absolute) unit of e.m.f. developed in it; one conductor cutting 
1,000 lines of force in one second would develop 1,000 absolute 
units ; while if 1,000 conductors cut through 1,000 lines of force 
in one second, the e:.m.f. would be 1,000 times greater than 
if only one conductor cut them. Again, if these conductors 
cut the lines of force in ^^ second, then the cm.f. developed 
is ten times greater; or the e.m.f, is equal to — where N = total 

lines of force cut, T = total turns in the conductor cutting N lines, 
and /=the time in seconds occupied in the operation. But we 
have seen that the practical unit of e.m.f., the volt, is equal to 
100,000,000 absolute units, and to express the e.m.f. developed in 
this way, in volts, we must divide the value obtained by ro*. 

This is the starting point in the theory and design of modem 
dynamos, the quantities which determine the e.m.f. being multi- 
plied up to produce any required e.m.f. Suppose it be required 
to generate 100 volts = 100 x 10^ absolute units, then must = 

100 ■*. 10*, and if we have say 500 conductors, which we can move 
through the field in say y'g second, then the total lines to be cut 
must = aoooooo, for zoooooo x 500 x 10 = 100 x lo^ Referring 
to Chapter VI., it will be seen from the curve of magnetisation of 
iron, given in Fig. ai, that we can get a magnetic density of 16,000 
lines per square centimetre without a very large expenditure of 
energy, and therefore to provide for the 2,000,000 lines of force 
required in our supposed case, we should provide — ■ _^ — =135 
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sq. cm. of iron in which to establish ihe field at the point where 
the conductors are to be moved. For mechanical reasons it is 
found most convenient to move the conductors by a rotary moiion, 
and the rotating part of the dynamo in which the e.m.f. is de- 
veloped is called the "armature," 

The method of calculating the size of the field magnet, or the 
magnet which has to provide the field of the machine, and the 
required number of ampere turns for any intensity of field, has 
been given in Chapter VI. 

Continuous current dynamos are made with from one to as 
many as twelve pairs of poles, depending on the size of the 
machine. For small sizes, which may be run at a high speed 
wilh safety, one pair of poles will suffice, but for larger machines 
the heat developed in so small a space would raise the temperature 
to a dangerous value. The current that flows in the armature, 
when a load is taken from Ihe dynamo, exercises an influence on 
the field, distorting and weakening it, and with large loads this 
becomes excessive with two-pole machines. Again with large 
powers, a multipolar machine is much lighter than a bipolar for 
the same output, for we can arrange the material more econo- 
mically. For these reasons we find it unsatisfactory to make 
machines with a single pair of poles for loads over 150 kilowatts, 
and the tendency is to make much smaller machines (even as low 
as 50 k.w.), with three or four pairs of poles. This has another 
advantage in some cases, the speed being inversely proportional 
to the number of pairs of poles for any given e.m.f., other things 
being equal, a much slower speed engine can be employed direct 
coupled to the dynamo. The large traction generators of 1,500 
to 2,ooo kilowatts are now universally made with a large number 
of poles, and are usually arranged between the cranks of a com- 
pound engine. 

The simplest case, however, and the one we shall consider 
here, is the two-pole type. In such the armature reaction limits 
the size of the armature core to something like 24 in. diameter. 
This is always made of thin Iron stampings cither rings or discs, 
which are supported on a shaft at the centre, and each stamping 
is varnished with shellac before being put on, to insulate it from 
the next. The reason for so laminating the iron is to prevent 
lai^e eddy currents that would otherwise flow round the iron 
when it is moved in the magnetic field, for any conductor so 
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moved will develop an e.m.f. depending on the rate of cutting lines 
of force, and if the iron were solid we should have a conductor 
with a very small resistance, and even though the e.m.f. developed 
in it is small, seeing that it would be equivalent to only two con- 
ductors cutting through the field, because of its very small resist- 
ance, the cunent may (and would in most cases) be very lai^ and 
the iron would soon get hot, besides absorbing a large amount of 
power by forming, as it were, an electrical brake. The effect of 
lamination is illustrated in Fig. 139, and in large machines, by 
the best makers, the iron in the armature does not exceed .01 in. 




rig. 139. 

in thickness. If the stampings be discs, then they must be pro- 
vided with a key-way at the centre, or a hexagonal hole, made to 
fit a similarly shaped shaft at the centre. A stout end-plate 
presses against a boss on the shaft, and the iron stampings are 
then threaded on till the required sectional area of iron is obtained 
{allowing for the space occupied by the insulating varnish whose 
permeability is unity). A second end-plate is then placed on, 
and bolted up by nuts screwed on to the shaft and locked in 
position, as shown in Fig. 140. 

If rings are employed instead of di>cs, then a support made in 



Gooi^lc 



THE CONTINUOUS CURRENT DYNAMO. 261 

brass or gun-metal with radial arms fitting into slots in the inner 
circumference of the rings must be provided. 'l"his support, 
shown in Fig. 141, is known as the armature spider, and is keyed 
or otherwise rigidly fixed to the shaft. In both the disc and ring 
support the object is to give a rigid attachment to the shaft, for the 
power is applied to the pulley on the end of the shaft, and has 
to be transmitted to the armature conductors (dragging them 
through the field) by the shaft and armature core. The armature 



^ 




Fig. 141. 



when built of discs is known as a "drum." when of rings a 
" Gramme " armature, from the name of ils inventor. 

The outer circumference of the stampings are now commonly 
made with a large number of slots, and the conductors are wound 
in the slots, both the conductors and the inside walls of the slots 
being insulated. The size of the conductors depends on the 
current required, for each conductor on the armature has to carry 
half the total current, as we shall see immediately. Now the more 
conductors we get on the armature, the smaller become the other 



C^.oot^lc 



a6j ELECTRICAL ENGINEERING. 

factors which determine the e.m.f., and thererore the tendency Is 
to make the number as large as is possible from considerations of 
the maximum allowable heating and annature reaction, and though 
in the case of mains (where the chief consideration is that of voltage 
drop) we allow a current density of i,ooo amperes per square incli, 
we find the current density In most dynamo armatures varying 
between i,8oo to »,soo amperes per square inch, depending on 
the maximum allowable temperature rise at full load, which again 
depends on C*b. The Admiralty specify that the temperature 
difference between the room and the armature face must not 
exceed 30° F. one minute from the time the machine has been 
stopped after a continuous six hours run at full load, though twice 
this amount is often found in many machines. 

The heat developed is dissipated principally by radiation from 
the armature surface, and if no other provision is made for cooling 
we must allow a certain amount of surface for any given tempera- 
ture rise. 

The heat developed represents so much power wasted, and is 
equal to C^R in every case, and this again is proportional to the 
current density. The higher the current density for a given 
current, the smaller will be the sectional area of the conductors, 
and therefore the greater their resistance becomes. 

Mr Esson gives a rule for finding the amount of surface neces- 
sary for any given temperature rise, thus : — 

Temperature rise in degrees C.I 250 x watts wasted 

for drum armatures / surface in sq. cm. 

Temperature rise in degrees C* a aS x watts wasted 

for ring armatures / surface in sq. cm. 

and for field magnet winding for a maximum depth of 7 cm. 

,i, . ■ ■ J t- 33'; X watts wasted 

I emperature rise m degrees C. = -"'■', . ■ 

surface m sq. cm. 
Armatures are, however, often ventilated, so that wc get cold air 
drawn in through holes punched in the armature discs, and then 
by inserting small distance pieces at intervals in building up the 
armature core, spaces are left so that the cold air can find its way 
to the conductors on the surface, and so keep them cool. This is 
shown in the part section. Fig. 140, 

The maximum current required from the dynamo being settled, 
the size of the conductors is also settled. Suppose the current 
required be 100 amperes, then each conductor must be able to 
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carry 50 amperes, and at say 3,000 amperes per square inch the 
sectional area of the conductors must be = Y{f5nr = .oa5 sq. in. 
The sectional area of the insulated wire will of course be greater. 
The insulation commonly employed is a double layer of cotton 
which increases the diameter by about 20 mils, or .03 in,, and 
therefore the sectional area of the wire with its insulation will be 
increased from .035 sq. in. to .0308 sq. in., and the number of 
wires we can get into the insulated slot and therefore the total 
number of conductors we can employ on the armature of given 
diameter is thereby determined. 

We are limited in the width and depth of the slots, for by 
ctitting the iron away at these parts we very considerably increase 
the density of the lines in the teeth, and consequently the mag- 
netic reluctance in them is much greater than in the armature 
core below the teeth, and to increase the length and width of the 
slots unduly would cause the magnetic reluctance of the armature 
to greatly increase, for the teeth would be saturated with but a 
relatively small number of lines of force. Where a slotted arma- 
ture is used, it is necessary when calculating the required excita- 
tion to find the density of the lines in the teeth. The ampere 
turns per centimetre required to produce this high density in the 
teeth will be much greater than for the remainder of the armature. 
But by embedding the conductors in the iron in this way it is 
possible lo use a smaller air-gap, and on this account less ampere 
turns are required, but as we shall see presently where a short air- 
gap is used, the field should be exceptionally dense in order to 
obtaiii good ccrmmutation. 

The shape and size of the slots vary in practice, depending 
on the size of the machine and on the voltage. The higher the 
voltage the larger must be the space allowed for insulation, or 
what is known as the space factor, that is, the area of the copper 
in the slot divided by the area of the slot must be greater for 
high voltages than for low. A common practice is to make the 
slots and teeth about equal in width, and the depth about 3J 
times the width ; then, allowing for the space factor (which varies 
from .35 to .4 depending on the e.m.f.), the number of conductors 
that can be got on the armature is fixed. 

The conductors are wound into a number of coils, the number 
depending on the allowable variation in e.m.f. per revolution, and 
on the permissible potential difference between adjacent com- 
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mutator bars, better commutation being assured by providing a 
large number with few turns. The number varies in large size, two- 
pole machines from 60 to 80, and these coils are all connected in 
series, forming a closed coil on the armature. If the core be built 
up of rings, the coils are wound by passing the wire through the slot 
and then inside the ring as shown diagram m at ically in Fig. 142. 
In large machines with stout wire this is not an easy job, and 
therefore the larger sizes are usually wound with stranded wire. 
The space inside the ring becomes crowded, and unless wound by 
a skilful person it gets un symmetrical, and there is danger of the 
insulation being injured in drawing the wires through. 

It is only the length of conductors in the slots in this case 



that helps to build up the e.m.f. of the machine, the portions 
of wire at the ends and in the inner part of the ring being simply 
connecting wires joining the different conductors in the slots in 
series. These connecting wires are a good deal longer than the 
active wires on the surface, and therefore add considerably to the 
resistance of the machine. If the iron in the armature is ample, 
practically all the lines of force will be conducted by the iron from 
pole to pole, and very few will cross the central portion, for the 
air space offers such a large magnetic reluctance compared with 
the iron of the armature. Any lines which do leak across this 
space are being cut by the inner connecting pieces, and an e.m.f. 
is thereby induced in these in opposition to that produced by 
the conductors in the slots. It is therefore essential to provide 
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sufiicient iron to carry the lines, otherwise the e.m.f. developed 
at the terminals may be considerably less than we are expecting 
to get. 

In the case of the drum armature, the conductor after passing 
through a slot is taken to a point near the other end of a diameter, 
and returns in the slot at that side, then is taken up to the first 
slot and through it again, and then across to the other side, and 
so on till the coil is wound up as shown diagrammatically in Fig. 
145. In this case the wire at the ends only forms connectors, for 
each wire in the slots is doing its share at building up the e.m.f., 
and therefore there is a distinct advantage in making the drum 
armature longer than the ring, for the increased length of the 
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armature does not in this case alter the length of the connecting 
wires, and the percentage of active wire is therefore increased. 

But if wound over with wire in the way described the wires 
must overlap at the ends and bulge round the shaft, not only 
taking up a large amount of valuable space, but also making it 
extremely dilhcult to repair an injured coil, for before any coil can 
be replaced, the whole of the winding above it at the ends must 
be removed, which in many cases means a complete unwinding of 
the armature. This, however, is overcome in the larger machines 
by employing special end-connectors. 

These consist of thin sheet copper stampings nearly semi- 
circular in shape, shown in Fig. 144, each having a small lug at 
either end which is turned up at right angles to the main part, 
the whole piece with the exception of the lugs being very carefully 
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insulated with shellac varnish and thin pure silk ribbon, so that 
even when insulated, they take up but little room. If now half 
as many of these connectors as there are con- 
ductors in the slots be placed side by side edge- 
ways, with the lugs one behind the other, they 
will form a circle of a certain width, depending 
on the number of connectors with the lugs forming 
a spiral round the outside. It is evident that 
if we twist or stager the connectors we could 
arrange the lugs as two circles instead of a spiral 
as shown in Fig. 140, and in this case there is no 
overlapping of the connectors. In large machines 
where this method is adopted the conductors are 
often made of rectangular bars of stranded copper 
^ wire or copper strip, and one or at most two 

"E- 'W- (jars per slot constitute the armature inductors. 
These are arranged so as to overhang the arma- 
ture at each end with alternate long and short bars in various 
ways, one of which is shown in Fig. 140. A cast-iron channel 
or box, circular in shape and wide enough to carry the end 
connectors, is insulated on the inside and fixed one at each 
end of the annature core, the diameter of this box being such 
that when the connectors are in place the lugs are on a level 
with the straight armature bars, and the bars are connected to 
their respected lugs. In some cases the box is cast in one piece 
with the armature end-plates. Consider the winding: — Starting 
with a long bar on the right, we arrive at the lug connected with 
it, and then spiral inwards to the lug on the other end of the same 
connector, which is connected to a short bar nearly opposite the 
long bar above, then through this short bar to the lug at the other 
end which spirals outwards, and the outer lug of the same con- 
nector is joined to the next long bar from the one we started with, 
and by continuing this all the way round, the winding will eventually 
close on itself, forming a continuous or short circuited coiL This 
is shown in extended form in Fig. 145. Here the armature is 
supposed to be flattened out, therefore from either end to the centre 
represents half the circumference of the armature. Fig. 146 gives 
in the same way another method of connecting where all the bars 
are of equal length, but alternate bars project, one at one end, 
and the next at the other end of the armature core. 
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When the conductors are large in sectional area, it is prefer- 
able to use stranded or laminated conductors instead of solid bars, 
because at (he horns of the field magnet the density of the field 
varies considerably, and the leading and trailing edges of a large 
conductor may therefore be cutting through fields of different 
density, with a consequent difference of potential between the two 
edges. This would cause eddy currents to flow down one face, 
across the metal at the ends, and up the other face, and these 
currents are independent of the main current, simply wasting 
enei^, and by heating the conductors, diminish the output of 




Fig. US- 



Fig. 146. 



the machine. The e.m.f. so develop)ed is very small, and the 
film of oxide formed on the stranded wire is often sufflcient to 
prevent the eddy currents flowing, and being stranded, any one 
wire is partly in the stronger and partly in the weaker portion of 
the field, and the effect is therefore annulled. If copper strips are 
employed, they should be slightly insulated, and then a twist of 
180° put on each conductor near its centre, which effectually 
prevents eddy currents in the conductor {see Fig 147). 

We have now to consider the action of such an armature when 
revolved in a magnetic field such as that described at the end of 
Chapter VI. Take first the simplest case, namely, that of a single 
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Figs. 149 and 150. 
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coil as shown in Fig. 148. The direction of the induced e.m.f. 
depends on the direction of cutting lines of force, and it will be 
noticed that the field is in the same direction on both sides of the 
armature, and therefore when the coil is rotated, the e.m.f. in it 
reverses in direction at each half revolution for its direction of 
cutting through the field reverses. If we should connect the ends 
of this coil to two insulated rings on the shafl and provide brushes 
to make contact with them, then in any circuit connecting the 
brushes we should get an alternating current with one complete 
alternation or period per revolution. Twice in a revolution the 
current would be zero, and twice it would have a maximum value, 
as shown in the curve. Fig. 149. 

If, instead of having two insulated rings on the shaft, we pro- 




Fig- IS". 



Fig. 151. 



vide one only which has been cut across a diameter and the two 
halves mounted on the shaft to form one ring, but insulated from 
one another, and connect the ends of the coil to those half rings, 
we make the current in the external circuit unidirectional, for now 
when the coil has reached its position of zero e.m f., the two 
halves of the split ring are changing contact with the brushes, that 
is to say, the top half of the split ring which has been in contact 
with the top brush while the coil has been moving up, now 
breaks away from the top brush and comes in contact with the 
bottom brush, remaining so while the coil is moving down, and 
the moment the coil commences to move up once more, the 
halves of the split ring change contact £^;ain. In this way, 
though the current in the armature coil reverses at each half 
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revolution, the current in the external circuit is made constant in 
direction (Figs. 150, 151). 

If ne place an exactly similar coil opposite the first, and 
connected it to the same two half rings (Fig. 1 5 3), we should have 
the two coils in parallel, and the resistance from one half ring to 
the other reduced to half its former value ; and though we should 
get no increase in the e.m.f., still the capacity of the machine 
would be doubled, for each coil now carries only half the total 
current If the external circuit is switched off, no current flows 
in the two armature coils, for they are then generating e.m.f, 's of 
equal value but opposite in direction, exactly as the two similar 




cells shown in Fig. 153 cannot send a current round their own 
circuit. The direction of the e.m.f. in these two coils with raised 
brushes should be carefully worked out by the student, and he 
will see thai for any position of the coils the e.m.f.'s induced in 
them will be equal and opposite in direction, that is, tending to 
urge a current round the armature coils in opposite directions 
(see page 289). But when the external circuit is completed the 
two coils are put in parallel in the ordinary way, as represented in 
the case of the two similar ceils in Fig. 154. 

The current so obtained in the external circuit is very fluctuating 
and would be greatly improved by placing two other coils at go° to 
the first two, so that when one pair is in its zero e.m.f. position, 
the other pair is generating its maximum e.m.f. But now the ring 
must be divided into four parts instead of two, and the coils 
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connected, as shown in Fig. 155. If we plot a curve of e.m.f. for 
these two coils we find we get not only a larger e.m.f., but also 
one that is much steadier, and which never at any part of a revolu- 
tion falls below the maximum value obl^ned with a single pair. 
The curve is shown in Fig. 156, where Aand Brepresentthecurves 
of e.m.r. of the two coils separately, one being quarter revolution 
behind the other, and the resultant of A and B is shown by the 
curve c, which represents the variations in e.m.f. at the brushes. 

On examination it will be noticed that the four coils on the 
armature are wound in simple series, the end of one being con- 
nected to the b^inning of the next. There is no reason why we 
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should not wind other coils in the spaces between the four coils we 
have wound on, connecting them up in series with the others in the 
same way, and providing a corresponding number of subdivisions 
in the split ring, or commutator as it is called. Every additional 
coil so put on increases the value and steadiness of the e.m.f. 
obtained at the brushes, as will be seen by considering the case of 
eight coils shown in Fig. 157. We might continue this reasoning 
till we had one commutator segment for every conductor on the 
armature, and the whole armature completely filled with winding. 
The latter is always done in practice, and we get our ring or drum 
wound armature, the construction of which we considered in the 
early part of this chapter, with all the conductors connected as a 
closed coil in series. But it is found that by subdividing the con- 
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ductors into about sixty parts the e.in.f. obtained is steady enough 
for all ordinary purposes, and consequently if there be say 340 
conductors on the armature, then af^er every four complete turns 
ne make a connection on to one segment of the commutator. In 
the case of the drum wound bar armature the connection to the 
commutator is effected by prolonging every second or fourth bar 
as the case may be, so as to be long enough to make connection 
to the end connector lug and the commutator lug also. 1^ 

It has been pointed out that the e.m.f. developed depends 
not only on the number of lines of force being cut = N, and 
the number of conductors cutting them=:f, but also on the 




Fig. 156. 



time taken in cutting. Now in one revolution of the armature 
every conductor cuts through the field tn'ice, and therefore if s _ 
represents the speed of the armature in revolutions per second we 
might state the e.m,r. developed in the armature as 

But the conductors on the armature do not all develop an e.m.f. 
in the same direction. The two halves being in parallel, the e.m.f. 
is just half what it would be if the whole of the conductors 
developed an e.m.f. in the same direction. The e.m.f. developed 
by half the conductors is in fact as much as that developed by the 
whole number, so we must write 
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In all practical work the e.m.f. is expressed in volts, and as the 
e.m.f. represented -by n^ is in absolute units, we must divide by 
100000000 or 10*, which is the number of absolute units equiva- 
lent to I Tolt 

Therefore, volts = — i 
10* 
{'llie student must guard against confounding i', which here 
stands for the total number of conductors counted all round the 
circumference of the armature, with f which we have used repeatedly 
to symbolise the current.) 

With a given size machine, which is usually expressed in kilo- 
watt units or units of 1,000 watts each, the sjieed is fixed within 
certain limits, for the larger the machine the heavier are its moving 
parts. In modern machines of this type (bipolar) the usual speeds 
adopted are : — 

I to 3.5 kilowatt, 2,000 to 1,500 revolutions per minute. 
2.5 to 5.0 „ 1,300 to 900 
3-Sto 13.5 „ 1,000 to 800 
13-5 lo 3SS .. 800 to 650 

35.5 to 70 „ 700 to 500 

70 to 150 „ 500 to 350 

We have seen that the number of conductors it is possible Co 
get on the armature in any given case is also fixed within certain 
small limits, and the only quantity variable to any extent is the 
total lines of force. The required number in any case is deter- 
mined by transposing the equation v = — ^ 

Therefore N = and this number of lines of force must 

be provided in the armature so that all ihe conductors may cut 
through them. We cannot get them in the armature without 
having a large number of leakage lines, and as pointed out in 
Chapter VI., about 25 or 30 per cent, must be allowed for leakage. 
The amount of iron necessary and the ampere turns or excitation 
required to provide this field can then be found by the method 
explained in Chapter VI. 

Presuming that we have the machine completed up to this 
point, how are we to magnetise the field magnet? The first 
method that suggests itself is to use a battery of accumulators, 
and by inserting an adjustable resistance in the field circuit, alter 
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the current flowing till we get the required excitation. This would 
form what is known as a separately excited machine (Kig. 158), of 
which we shall deal to a certain extent later, for it is used to a 
fairly large extent in central stations, though it is not so often 
excited from a battery as from auxiliary exciting bus bars as they 
are called. Another method would be to lead the current in the 
external circuit round the field magnets, and thus make it self- 
exciting. In this case, when the external circuit is open, there is 
no excitation, and consequently no e.m.f., and while there is no 
excitation there can be no e.m.f. But once a machine of this 
kind has been strongly magnetised, and in fact even if it has never 
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been strongly magnetised, such a lai^e mass of iron always retains 
a certain small field, and when we close the external circuit, the 
e.m.f. slowly builds itself up, for first a very small e.m.f. is de- 
veloped by the conductors on the armature cutting through the 
small residual field, and consequently a very small current flows 
in the external circuit, and therefore also round the field m^net. 
This increases the magnetisation slightly, and the e.m.f. and 
current increases with it, and at a certain stage with a small in- 
crease in the current flowing round the field magnets, the field 
increases at a very rapid rate, rising according to the permeability 
curve given in Fig. 21, but of course depending in part on the 
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permeability of the iron employed. The e.m.f. and consequently 
the current also rises very rapidly at this point, and soon reaches 
its fixed value for that particular resistance circuit, and the machine 
could only be used within certain small limits where the iron is 
saturated, for if used below this point any slight changes in the 
resistance of the circuit would cause very large changes in the 
e.m.f. and current, (he magnetisation rising and falling rapidly as 
shown by the magnetisation curve. An increase in the resistance 
of the circuit with such a machine mould of itself cause the 
current to decrease, and this causes the em.f. to fall, which again 




Fig. 159. 



Fig. i6a 



decreases the current, and therefore there is really only one par- 
ticular e.m.f. for any given resistance, but owing to the iron becoming 
saturated at a certain stage, in which case small changes in the 
current do not alTect the strength of the field to any appreciable 
degree, it is found practicable to work such a machine with a 
slight variation of load, though they are intended always for a 
constant load, and are known as " series " machines, for the field 
magnet winding is in series with the external circuit (Fig. 159). 

We might, however, connect the machine in another way. If 
we wind the field magnets with coils of many turns having a rela- 
tively high resistance, we shall get the required excitation with a 
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correspondingly smaller current. For instance, \X the dynamo 
develops loo volts, and the resistance of these coils be tti.6 ohms, 

then the maximum current would be -t^> = 6 amperes, and if led 

round 2,000 times would provide 11,000 ampere turns. It would 
not do to connect this magnetising coil in series with the main 
drcuit, for even on short circuit we could not get more than 6 
amperes through, and if we had any resistance in series with the 
coil we should get a considerably smaller current still. But the 
magnetising coils so wound can be connected direct to the arma- 
ture in parallel with the external circuit, or as a shunt to it, in 
which case the excitation is very largely independent of the current 
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Ciirrmbin External Circuit. 
Fig. 161. 




Current in Extoroa/ Cereuit. 



in the external circuit. Such a machine is shown diagram matically 
in Fig. 160. 

Considering these machines in the order in which they have 
been described, we notice that with the separately excited machine 
the field is independent of whether the machine is running or not, 
and consequently the moment it starts running an e.m.f. is de- 
veloped, and at its normal speed it generates its normal e.m.f. If 
now a small current be taken from the armature, the p.d. drops 
owing to the volts spent in getting the current through the arma- 
ture, and also armature reaction which we shall consider later, 
and the more the current is increased in the external circuit by 
reducing its resistance the more volts are spent in the armature. 
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The characEerislic curve for such a machine when the excitation 
is fixed is a slanting hne as shown in Fig. 161. But this can easily 
be made horizontal by adjusting the regulating resistance in the 
field circuit to increase the excitation as the load increases, and 
consequently we can arrange to have a constant difference of 
potential at the terminals with varying loads which is a strong 
point in its favour. 

Referring now to the scries machine. When the current 
in the external circuit is nought, the e.m.f. Is also nought, 
for there is no field. As the resistance in the external circuit is 
decreased, the current increases, and with it ihe magnetisation 
and the e.m.f. rises on the magnetisation curve. If the load is 




Load Current, 
Fig. 163. 

still further increased, the e.m.f. begins to fall, for the effects of 
armature reaction and volts spent in the armature are now — owing 
to the iron being saturated — not compensated by an increase in 
the excitation. If we plot the characteristic curve for the series 
machine, we have the shape shown in Kig. 162, which is the same 
as that for the magnetisation of iron, but wiih the top falling instead 
of rising. It will be noticed that the variations possible in the load 
are limited to such as come between the points a and u on the 
curve, for it is only between these points that the e.m.f. could be 
said to be sufficiently steady, and for loads smaller than these the 
magnetisation is in a very unstable condition, very largely fluc- 
tuating with slight changes in the load. 
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The characteristic curve of the shunt wound machine is given 
in Fig. 163. In this case, when the resistance in the external 
circuit is a maximum and the current in it is nought, the e.m.f. of 
the machine is also a maximum, for the field magnet winding is 
connected direct to the armature and is independent of the external 
circuit. As the load in the external circuit is steadily increased 
the armature reaction and volts lo^t in the armature also increases, 
and the tenninal potential difference consequently slowly falls, 
which causes a smaller current to flow round the field magnets, 
this being dependent on the terminal p.d. and the resistance of the 
field magnet winding. While the iron is fairly well saturated, this 
slight decrease in the field magnet current makes but little differ- 




Fig. 164. 



Fig. 165. 



Fig. i«. 



ence, but as the resistance of the external circuit is still further 
decreased and the terminal p.d. further lowered, the armature 
reaction becomes of relatively greater importance, and the exciting 
current becoming feebler, a point is eventually reached where the 
magnetisation is in its unstable condition and the e.m f. drops to 
zero. In this case the practical working loads are those between 
the points marked a and B, and we get a slight fall in voltage with 
increasing loads from a and b. 

If, instead of plotting the characteristic curves with p.d. and 
current, we take p.d. and resistance in the external circuit, we 
should get for the series machine the curve shown in Fig. 164, 
Here, when the external resistance is small, the e.m.f. has its 
maximum value, and as the external resistance is increased, the 
e.m.f. falls, at first slowly, then, at a critical point where magnetisa- 
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tion becomes unstable, at a very rapid rate down to zero. This 
is in fact the previous characteristic of the series machine reversed. 

Plotting the same thing for the shunt machine, we have the 
curve shown in Y\^. 165. Here, when the external resistance is 
very small, the e.m.r. is nought, for [he field magnet winding is 
short circuited by the external circuit. As the resistance in the 
external circuit is increased, the current in the field magnet coils 
increases and the magnets get excited, the magnetisation and 
therefore also the e.m.f. rising on the magnetisation curve. This 
curve then is the opposite to that for the series machine, and it is 
evident that if ive could combine the two machines we should 
have one that would keep a constant p.d. for all changes in the 
load from zero to the maximum (Fig. 166), This could be effected 
by running the two machines together connected in series. When 
the circuit is open, the p.d. due to the series machine is nought, 
but the shunt machine is generating its maximum p.d. As the 
load on the external circuit is increased, the p.d. due to the 
shunt machine falls, but that due to the series increases and keeps 
the e.m.f. in the external circuit constant. When the load is a 
maximum, and the e.m.f. due to the shunt machine falls to zero, 
the series machine would be generating its maximum p.d. The 
two machines so connected would require to be designed with this 
in view, but at best it would be a very expensive and inefficient 
arrangement, for we should be using two machines to supply a 
load which could be done by one of them apart from pressure 
regulation. 

The same principle can, however, be applied to one machine, 
and we then obtain what is known as the compound wound 
machine, a diagrammatic view of which is given in Fig. 167. Such 
a machine is designed as a slightly under-saturated shunt machine, 
so that on open circuit we get the required p.d. as in ordinary 
shunt dynamo. Now as the load comes on, the armature re- 
action and volts lost in armature would cause the p.d. to fall, 
but the current which would so affect the voltage is now led 
round the field magnets a certain number of times and increases 
the magnetisation through the armature to an extent depending 
on the load, and so the e.m.f. is maintained constant. We could 
just as easily arrange for the cm.f. to increase with increasing load 
and so allow for volts fail on the mains, thus maintaining a constant 
pressure at the feeding point though it be some distance from the 
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machine. I'his would be done by winding on a few more series 
turns than are required Tor maintaining the terminal p.d. constant. 
This is known as over-compounding the machine. 

We have in this way combined the two machines, and we now 
have a self-regulating machine perfectly automatic in its action, and 
its characteristic curve can be made either a horizontal line or a 
steadily rising one as shown in Fig. 168. 

Consider the armature when carrying a current, which we shall 
imagine to be supplied from some external source, while the field 
magnets are left unexcited. We notice that the conductors on 
each side carry currents in the same direction, while the conductors 
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Current in Extamaf Catsuit. 
Fig. 168. 



on one side carry currents in the opposite direction to those on 
the other side. The armature as a whole is therefore producing a 
cross magnetisation or a magnetic field across that which is estab- 
lished by the field magnet (see Fig. 169). Now seeing that we 
cannot have two magnetic fields in the same place at the same 
time, the result is that we get a field across the armature which is 
a resultant of the armature and field magnet fields. The armature 
field at both top and bottom strengthens at one side and weakens 
at the other the field due to the magnets with a consequent distor- 
tion, and when the machine is running fully loaded, the coils do 
not reverse in e.m.f. at points directly top and bottom, but at 
points further round in the direction of rotation, due to this dis- 
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tortion or the field by the armature currents (see Fig. 170). The 
brushes have thererore to be moved round to this point or just a 
little beyond it, otherwise there will be sparking at the contact of 
commutator and brushes, which has a very detrimental effect. 
This movement of the brushes which depends on the load (there 
being no distortion of the field on open circuit) is known as the 
angle of lead, and necessitates the brushes being provided with an 
adjustable swinging support called the rocker. 

Suppose the armature to be divided up into 60 coils connected 
to a 60 part commutator in the manner shown in Fig. 155. The 
brushes will short circuit at least one of these coils, and in some 




Fig, 169. 

cases two together, as they pass from one side to the other. The 
short circuit on any one coil lasts bul a short time, for if the 
armature be running at say 10 revolutions per second, then one 
coil forming only -^^ of the whole will be short circuited for some- 
thing like ,Jg of a second twice in each revolution. 

Now up to the moment of its being short circuited by the brush 
the coil has been carrying a current equal to half the total current 
flowing in the external circuit, and in the gj^ {lart of a second 
this current hns to be stopped, the e.m.f. in the short circuited 
coil reversed, and a current equal to half the external current, but 
in the reverse direction, started in it ; and if this be done before 
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the short circuit is broken the coil will break away from the brush 
without any sparking, but not otherwise. The only way to accom- 
plish this is to give the brushes a further angle of lead, so that the 
coil when on the point of being short circuited by the brush is 
cutting through the Reld in the reverse direction, so that this par- 
ticular coil is developing an e.m.f. contrary in direction to that 
which is urging the current through it This reverse e.m.f. on 
short circuit very rapidly stops [he current flowing against it and 
starts another in the opposite direction. If the current in ihe 
short-circuited coil has not reversed on the short circuit being 




Fig, 17a 

broken, the current in it will be opposing the current in the other 
coils on the side to which it has now been connected, and the two 
will both tend to arc across from the receding commutator bar to 
the brush as shown by the arrows in Fig, 171. 

Mr Mavor states that for good commutation the number of 
ampere conductors or ampere bars per pole on the armature should 
not exceed 10,000 per centimetre length of the air-gap, while 
Mr Esson gives the rule — 



Total ampere bars on armature - 
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for sparkless commutation, where /—length of air^ap in centi- 
metre, H = lines per square centimetre in the air-gap, and ^ = the 
angle between the pole horns and the centre of armature in 
degrees. 

This angle of lead gives rise to another effect, for now a certain 
number of conductors are carrying currents in sucli a direction as 
to produce a back magnetisation or a magnetisation directly 
opposed to that of the field magnet. This has the effect of 
weakening the Reld, wiih a consequent fall in the terminal p.d., 
unless the machine be compounded to make up for the drop in 
volts. The conductors inside the pole faces can be considered as 
producing a cross magnetisation, while the remainder, i.e., those 
between the horns, are carrying currents in such a direction as to 




Fig. 171. 

produce a back magnetisation. Suppose this number of conductors 
be 20, and the current in the external circuit be 100 amperes, then 
as each conductor on the armature carries only half the external 
current, we have 20 conductors on the armature carrying 50 
amperes, which is giving us a back magnetisation of lox 50 = 500 
ampere turns, for it requires 2 conductors to make one turn, and 
to counteract this, if 100 amperes be the full load current, we must 
provide an additional 600 ampere turns in the series coil ; that is 
to say, we must wind on six additional series turns, so that with 
the full load current of 100 amperes we get an extra magnetisation 
due to 100x6 = 600 additional ampere turns, which allows for 
waste lines. 

It is evident that if the field magnet was magnetised to a high 
degree or stiffened the pole tips would be highly saturated, and the 
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distorting effect of the armature current would be considerably less 
owing to the high reluctance introduced into the circuit, and the 
necessity for adjusting the position of the brushes for changes in 
the load would be decidedly less. In most modern dynamos this 
is done to a great extent, and we find that in many machines there 
is no sparking at thebrushes within the ordinary variations of load, 
and in many cases even on a laige overload though (he brushes be 
fixed in position. 





Devices have been tried for preventing annaturc i 
many with a certain amount of success. In every case the method 
adopted is to put a large reluctance in the armature cross mag- 
netisation circuit without affecting the main or field magnet reluc- 
tance. To effect this in one case a deep cut is put in the field 
magnet pole pieces, parallel with the lines of force, as shown in 
Fig. \^^. This does not appreciably affect the magnetisation of 
the field magnet, but considerably increases the length of the lines 
due to cross magnetisation. 
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In anothei case the field magnets are bored to a larger diameter, 
then when fixed, so as Co give a small air-gap at the centre, the air- 
gap at the pole tips is considerably laiger, and the reluctance at 
these parts is also greater (see Fig. 173). 

Still another method is that shown in Fig. 1 74, where the pole 
tips are made of cast-iron. Owing to the smaller permeability, the 
cast-iron tips become highly saturated, and therefore the reluctance 
at this part is considerably increased. 

In the large multipolar machines made for the Blackpool 
Electric Railways the pole pieces are connected all round by a 
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thin prolongation, bored out at the centre, as shown at Fig. 175. 
These polar shoes become highly saturated, being so thin, and so 
put a large reluctance in the cross magnetisation circuit. I'hese 
have been found to give very good results. 

But where very strong fields are employed the polar tips 
become highly saturated, even without any of the special devices 
just described, and this is often quite sufficient to prevent any 
large amount of armature reaction, consequently it is becoming 
more and more rare to fmd machines that require adjustment of 
the brushes with varying loads. In fact many machines can now 
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be run from no load to 50 per cent, overload without any sparking 
worth mentioning, especially where carbon brushes are employed 
and the ampere turns per commutator bar are small. 

With slotted armatures the field at the pole tips suddenly 
jumps or snaps across from one tooth to the next, and tends to be 
carried down across the polar tip by the tooth for a short distance 
before it snaps across to the next tooth. This prevents a steady 
growth of the reverse e.m.f. in the short-circuited coil under the 
brush, which therefore makes good commutation more difficult. 
It also causes eddy currents to be induced in the pole tips owing 
to the swinging of the field at these points. In smooth core 
machines there is none of this effect, and to approximate to the 
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smooth core the slots are often made as shown in Fig. 176, space 
being allowed for the insertion of one wire only at a time. This 
necessitates ihe armature being wound by hand, whereas with the 
larger multipolar machines the armature coils are often wound on 
formers and dropped into position on the armature. 

Some makers cut the pole tips aslant so that one end overlaps 
the armature more than the other. This causes the field to more 
gradually jump across a coil at this part ; the coil as it were shears 
through the field rather than snapping across it, with a corre- 
spondingly slower rise in the e.m.f. of the short-circuited coil. 

Other makers effect the same result by keeping the pole tips 
straight but staggering the armature slots ; the staggering in this 
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case should not be greater than the distance between one slot and 
the next. 

When the machine is unloaded, the engine driving it is doing 
very little work, simply overcoming the friction of the hearings and 
the air, and making up for the hysteresis losses in the armature 
(see Chapter VI,), The engine is consequently consuming very 
little steam, and if nicely governed only enough steam passes to 
run the dynamo at its normal speed. The moment we switch on 
to the external circuit and take a current, the governor falls, and 





Fig. 177. 



Fig. 178. 



more steam is admitted to keep up the speed, and at full load the 
engine is working at its maximum rate. How is this power 
absorbed or transformed by the dynamo? We can study this 
best by considering one conductor only. Fig. 177 shows one 
conductor on the armature (distorted so as to make the point 
clear) carrying a current. It therefore creates a magnetic field which 
is slightly distorted from the circular shape due to the iron of the 
armature and field magnet. The point to be noticed is that the 
magnetic field above the conductor due to the current in it is 
opposite in direction to that below it, as shown by the arrows. If 
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now the field magnet be excited, we have a urther distortion, for 
the tield due to the current in the conductor and that due to the 
field magnet add together at one part and subtract at another part ; 
that is to say, the field due to the current in the conductor is 
strengthening the field of the field magnet at one part and 
weakening it at another part, and we get a crowding of the 
lines at the part where the two fields are adding their effects 
and a thinning out where Ihey subtract, as shown in Fig. 17S. 

The power developed in the engine is spent in dragging the 
current-carrying conductors in this way through the magnetic field, 
for the lines of force would of themselves urge such a conductor 
in the opposite direction, and if with the same direction of field 
we sent the same current through the armature conductors from 
some external source, we should get the armature rotating in the 
opposite direction as a motor. This action takes place with every 
conductor in the field, and to keep the current flowing we must 
continue to dr^ the conductors through the field, overcoming 
their tendency to go in the opposite direction. 

We saw in Chapter V. that when current-carrying conductors 
are in a magnetic field they exert a force urging them at right 
angles to the field equal to hc/, where h is the intensity of the 
field, c the current in absolute units, and I the length of the con- 
ductor in centimetres. Suppose in any given case the intensity 
of the field in the air gap = 1 3000, and each conductor carries a 
current of 50 amperes or s absolute units, while the length of the 
conductor in the field = 50 cm., then each conductor experiences 
a force of i aooo x 5 x 50 = 3000000 dynes. And if there be say 
150 conductors in this field (considering only those within the 
polar faces), the force in dynes exerted by the armature con- 
ductors tending to drive them in the opposite direction to that 
due to the action of the engine is = 450000000 dynes, or 1012 lbs. 
And if the armature be say la in. diameter, and running at 600 
revolutions per minute, then in each revolution the conductois are 
dragged through 3.14 ft, and in one minute the force of loia lbs. 
is exerted through 1884 ft., and the work done= 1012 x 1884 = 
1906608 foot-pounds per minute, and this is equivalent to working 

at the rate of —5 =577 h.p. The engine must therefore 

33000 
provide in this supposed case 57.7 h.p. in simply drawing the 
current carrying conductors through the field against no mechanical 
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restraint whatsoever, and we therefore see where the power de. 
veloped in the engine is going. Of course the engine must pro- 
vide also for the power required to overcome the mechanical 
frictions and hysteresis losses, but in well-designed machines these 
will be small. 

It may be noticed in passing that a very simple rule connecting 
together the direction of the field, the direction of motion, and the 
direction of current, is given by means of the outstretched hand. 
The thumb normally stands at right angles to the first finger when 
outstretched, and if now the other three fingers are bent inwards, 
leaving the thumb and the first finger in their original position, 
we have three directions indicated, any one of which is at right 
angles to the plane containing the other two. Let the first finger 
point in the direction of the field (from n to s), the thumb in 
the direction of motion of the conductor in the field, the three 
fingers then point in the direction in which the current flows in 
the conductor, or the direction of the induced e.m.f. if the circuit 
is incomplete. 

If the machine be a motor, and the direction of the field and 
the current be the same as that in Fig. 178, then the conductors 
will move in the opposite direction to that which is required for 
generating the same direction current in a dynamo. But it will be 
noticed that this reverse direction is indicated if we use the left 
hand instead of the tight, and therefore for the dynamo we have 
the right hand rule, while for a motor we have the left hand rule. 

The split ring commutator described earlier, is of course in- 
admissible, except for very small machines, for with the larger 
currents required in practice the commutator parts would get 
very hot owing to the high current density in them. They must 
therefore be made in a much more massive and substantial 
manner. Fig. 179 shows half section, half elevation of a com- 
mutator, which is built up separately on a cast-iron sleeve and 
keyed on to the shaft at one end of the armature after the latter 
is wound. In practice the armature is wound with separate coils, 
the ends of each projecting, and these are connected in series by 
the commutator segment being soldered to the end of one and 
the beginning of the next. 

The commutator sleeve on which the whole is mounted has 
a coned head turned on the inside as seen in the section, and 
inside this a mica cone is built up by fixing together very thin 
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strips of mica cut to shape, with shellac varnish, pressing each 
strip donn firmly till the shellac has dried. This is facilitated by 
keeping the cast-iron sleeve warm. A similar mica cone is built 
up in a coned washer which slips over the sleeve at the other end 
of the commutator, and the segments are turned at both ends to 
the same taper as the mica cones, and are supported by them. 
Each segment or bar of the commutator has to be insulated from its 
neighbour, and the insulation universally employed for this purpose 
is mica. The e.m.f. between any one bar and the next is only 
that created by one coil of the armature ; that is to say, if a sixty- 
part commutator be employed, and therefore sixty coils on the 
armature, each side of the armature, or thirty coils, will develop 
the full e.m.f. of the machine, and one coil will develop ^ of the 
total e.m.f., supposing all coils to be moving in the same strength 
field. But we know that a coil generates its maximum e.m.f. 
when midway between the brushes, consequently it is this maximum 
e.m.f. that we must provide insulation for, which will be more like 
j'e of the total in the above case. Even so, the e.m.f, between 
any two bars connected to a coil developing its maximum e.m.f. 
is much smaller than that at the terminals, and therefore the 
thickness of insulation between the segments need not be great, 
from ^ to ^V '"■ being commonly employed. Owing to the 
liability of sparking at the brushes, mica is the only serviceable 
material that can be used, for ebonite, vulcanised fibre, and 
such substances would carbonise and become conducting, while 
glass, porcelain, &c., are far too brittle to withstand the pressure 
imposed on the commutator. Other very good insulators, such 
as paraffin wax, are of course out of the question altogether. 

The commutator bars are made of copper or gun-metal castings or 
of hard drawn copper, which is sawn up into the required lengths, the 
length depending on the maximum current taken from the machine, 
for whatever this be, we cannot allow more than a certain current 
density in the contact between the brushes and commutator 
segments (about 350 amperes per square inch), and the larger the 
current, the more numerous must be the brushes to collect it from 
the commutator. These bars are cast or drawn taper in section, 
as shown in the end half section in Fig. 1 79, and are machined or 
filed down to a gauge set to indicate the required taper, so that 3 
given number of bars, when put together with the mica insulation 
between each, will form a tight compact circle (Fig. 180). This 
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is very essential, for if a bar or bars be loose, the connections 
will sooner or later break off with the vibration ; there will also 
be sparking at the brushes, and bits of copper and dust from both 
brushes and commutator will find a way in and eventually short 
circuit the coil. 

The mica strips are now gauged and thinned down by stripping 
a little off, or built up by shellacing thin strips together as the case 
may require, and the bars are then arranged round a mandrel with 




the mica between each and bolted together with two strong clamps. 
It should then be impossible to get the thin edge of a knife-blade 
in between any segments, and if this is possible, the whole must 
be taken apart and a very thin strip of mica added with shellac 
varnish and built up once more. This is then put into the lathe 
and turned at the ends lo fit the mica cones. 

If the bars are cast, a lug cr connector is cast on the end of 
each so as to facilitate connecting the armature winding. If made 
from drawn copper bars, a separate connector must be fixed to 
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each bar by one of the various methods adopted, some of which 
are shown in Figs, 181-183, and need no fuilher explanation than 
to state that in every case they should be mechanically fixed as 
well as soldered, by pins or dovetailing, this being done before the 
commutator is built up. 

When turned, it is placed on the cone in the head of the cast- 
iron sleeve, and the second mica cone placed over the other end, 
then the coned washer slipped on. The whole is firmly clamped 
together by a nut or nuts screwed on the end of the sleeve, and 
the commutator is then built up ready to be fixed in place on the 
shaft. When so fixed, a fine cut is taken from the surface in the 
lathe to make it quite true. 



'in 



The shafts of all such machines are made thicker than would 
be considered necessary for any other machine, for not only is the 
speed usually fairly high for the weight, but the amount of deflec- 
tion or bending allowable is practically nil, there being usually 
such a small clearance between armature and pole pieces. Again 
the whole of the power developed by the engine has to be trans- 
mitted through the shaft from the pulley to the armature conductors, 
and consequently the twisting efl'ect on the shaft is often very large. 
The armature core, however, forms very good stiffening to the 
shaft, just at the point where it is most required, and this effect is 
greater with the drum than the ring armature, and can be taken 
into account in designing the shaft. 

The bearings also require special attention. Seeing that very 
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little or no wear can be allowed owing to the stnal] clearance, they 
are often made of the solid type, and where split bearings are used, 
it is simply to facilitate the inserting or removal of the annature. 
The weight being great, and the speed high, the length of the 




Iwarings should not be less than four times the diameter of the 
journal (that part of the shaft which rests in the bearing), and the 
lubrication should be continuous and automatic in its action. In 
the larger machines the oil is often forced through by a small pump 
worked from the end of the dynamo shaft, and so while running, 
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a perfect circulation of the oil is assured. In the smaller sizes the 
pedestal is often made into an oil tank (g. Fig. 184), and the 
brasses being cut through at the upper surface at one or two 
points, a ring, or endless chain, is slipped over them, and as the 
shaft rotates, it carries round the ring or chain, the lower end 
of which dips into the oil well, and so the oil is carried up by it 
to the shaft continuously (u, Fig. 184). 

The brasses are very often lined with white metal, and when 
worn, can be easily renewed by melting out the old and running 
in a new lining, the armature being supported temporarily in the 
centre during the process. Hoods arc often provided at the ends 
of the bearings, and a small ring Rxed on the shaft inside the hood 
throws off any oil which tends to creep along the shaft, and so pre- 
vents it getting to the commutator. A section of such a bearing is 
shown in Fig. 184. 

The field magnet coils are usually wound on frames or bobbins 
made by connecting together two brass or gun-metal end-plates 
by a sheet-iron strip, the ends of the coil being brought through 
the end-plates in insulating bushes to terminal boxes, where they 
are connected in series as required. 

There is practically no difference in designing the bed-plates of 
dynamos to that of any other machine, due allowance being made 
for the weight, speed, and position of the moving part. They 
are almost universally made of the inverted box pattern (Fig. 1S6), 
which gives a maximum of strength and stiffness with a minimum 
of material The bed-plate has to be designed to suit the type of 
dynamo, there being two distinct types of bipolar machines, the 
overtype and the undertype. In the former, the armature and 
field magnet are turned upside down with respect to their positions 
shown in Fig. 158, so that the yoke is on or in the bed-plate, for 
in this pattern the yoke is very often made of cast iron, and is 
cast in one piece with the bed-plate, being made larger in section 
to make up for its lower permeability, the field magnet limbs 
being bolted on at their lower ends. The cast bed-plale yoke 
necessitates a further stiffening of the bed-plate, for there is such 
a great inequality in the distribution of the metal. When cast, 
the bed-plate proper will have solidified while the mass of melal 
forming the yoke is still fluid. When this solidifies later, it con- 
tracts, and in so doing tends to break away from the thinner 
portions. 
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The overtype machine is only employed for the smaller sizes, 
for vibration is much greater owing to the length of the pedestds 
required, and with the larger machines this method is practically 
impossible. But with the undertype machine it is essential to 
support the field magnets on some non-magnetic materia], or mag- 
netic insulators as they are sometimes called, for if they be bolted 
direct on to the bed-plate, we should have a very large portion of 
the field passing round the bed-plate instead of through the arma- 
ture. The field magnets are therefore supported by massive brass, 




Fifi. 185. 



Fig. 186. 



zinc, or gun metal brackets, so as to stand 3 to 6 in. clear of the 
bed-plate, and even when so supported we still get a fairly large 
leakage field through the bed-plate {see Figs. 185 and 186), which 
is entirely avoided in the overtype, but the far superior mechanical 
arrangement of the undertype for any but small sizes altogether 
outweighs the extra loss due to magnetic leakage. 

Consideration of the laiger unit multipolar machines must be 
left for the next year's course. 

The current developed in the armature ha.s to be collected by 
brushes pressing on the commutator segments. These are made 
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either of copper or carbon, the brush holders being designed to 
suit. Arrangements must be made for feeding the brushes for- 
ward as they wear, and to allow any brush to be raised, and held 
off, while ihe machine is running. Carbon brushes offer more 
resistance than copper, not only in the specific resistance of the 
substance, but also, and more particularly, in the contact resistance. 
This extra resistance, though it makes a very great difference in 
the resistance of the circuit formed by the coil which is short 




Figs. 187 and 18S. 



circuited by the brush, does not appreciably affect the resistance 
of the whole circuit, and it often has a very beneficial effect on 
the sparkless commutating properties of the machine. Consider 
Fig. 187. The current is here flowing out by the carbon brush, 
and the coil d becoming short circuited by the brush, has a rela- 
tively high resistance put into its circuit which soon reduces its 
current to zero. The current from coil a now divides at the 
brush, the larger portion going through the brush direct, and a 
small portion passing round coil b to the brush, for the brush and 
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coil B are in parallel. As the coil moves further round more of 
the brush comes into contact with segment 3, and less with s^- 
nient 3, till finally it is only just in contact with segment a (Fig, 
188). As this proceeds the resistance from z to 3 across the 
brush is steadily increasing, and consequently a larger and larger 
fraction of the current in a posses through b to the brush, till 
finally as the brush breaks away from i, there is little or no current 
flowing in that segment, and consequently we get no spark at the 
break. This enables the machine to be run with fixed brushes 
with large variations in the load, often from zero to full load, and 
the substitution of carbon for copper brushes has often prevented 
sparking in machines that before gave trouble in this respect 




There is one disadvantage, however, in using carbon brushes : we 
cannot allow so large a current density in the brush contact, other- 
wise they would get exceedingly hot. The maximum allowable 
current density found in practice is 50 amperes per square inch 
against 250 amperes with copper brushes, therefore for any given 
current the commutator must be longer, and this means also a 
longer shaft and bed-plate, and therefore a more expensive 
machine. 

The brush holders should be designed to feed with a parallel 
motion, not a circular one, as was common with the earlier 
machines, for as the brushes wear, we require them to preserve 
their position on the commutator. A simple form of brush holder 
used by Messrs Holmes & Co. of Newcastle is shown in Fig. 189. 
The pressure of the brush on the commutator can be regulated 
by the spring s, the tension of which can be adjusted by turning 
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the milled head attached to the threaded brass tube. The small 
trigger on the right enables the brushes to be held off for trimming 
or resetting. The holder is firmly clamped to its spindle, which 
is long enough to take 3, 3, 4, &c, brush holders side by side, 
depending on the current to be collected. 

The spindle is fixed to a movable arm which is free to rotate 
through a small angle, and is insulated from it by ebonite or vul- 
canised fibre bushes and washers. The rocking arm or lever 
extends at both sides of the shaft, and carries a brush spindle on 




Fig. 19a 

both sides. The rocker is supported in a groove turned on the 
end of the bearing (see/. Fig. 1S4), and is fixed in any desired 
position by a clamping screw. 

We are now in a position to understand why it is that a shunt 
wound dynamo is the only machine that will do for charging 
accumulators, as mentioned in Chapter VIII., and also why special 
precautions have to be taken in connecting two or more series or 
compound wound machines in parallel. Suppose we have a shunt 
machine working, and supplying a load to some premises. At a 
certain point as the load increases it becomes necessary to connect 
another machine in parallel with it to help with the load. The 
only precaution necessary in this case is to run up the second 
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mactiine till it is giving exactly the same e.m.f. as the loaded one 
before switching it in. No current then flows either one way or 
the other through the machine just put in, and the engine valve 
being now turned full on, and the excitation being increased by 
adjusting the field resistance, (he e.m.f. of the last machine rises 
till it takes its share of the load, and the two run together without 
any further trouble. Should one machine tend to slow down for 
any reason, its e.m.f. falls, and its load is decreased, tending to 
bring up the speed again, and in an extreme case the load may go 




Fig. 191. 



altogether and a current from the second machine be sent round 
it. This drives it as a motor at practically its normal speed, and 
so develops a back e.m.f. in it nearly equal to its normal e.m.f., 
which prevents any but a small current flowing round it from the 
second machine. The connections for this arrangement are 
shown in Fig. 190. 

If two series machines are to be run in parallel, we have to 
guard against what may be a disastrous effect. Suppose we have 
the two machines coupled in parallel in the ordinary way, as shown 
diagrammatically in Fig. 191, and the governor of one engine 
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failed to act for a short time, or anything should happen to cause 
one machine to develop a slightly lower e.m.f, than the other, a 
current will flow in the opposite direction through it from the 
machine with the higher e.m.f. This will run it as a motor, but in 
so doing it will reverse the polarity of the field magnet. Now, when 
the engine starts driving at its normal speed once more, the 
machine again develops an e.m.f,, but it is now in the reverse 
direction owing to its polarity having been reversed, and conse- 




quently the two machines are in series instead of in parallel, and 
the e.m.f. being doubled, while the resistance of the circuit is very 
small, a very large current flows round both machines till they are 
burnt out. 

Exactly the same action is liable to occur in charging 
accumulators with a series machine, for should the e.m.f. of the 
machine fall below the back e.m.f. of the accumulators, ils polarity 
will be reversed, and on speeding up it will be in series with the 
cells, and both dynamo and cells will be destroyed by the excessive 
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current that would flow round them. It will be seen on examination 
that this could not occur with the shunt wound machine, for 
whether the current be flawing from the machine or to it, the 
current through the field magnet coil will be in the same direction, 
and the polarity cannot be reversed. 

Two series machines may be run in parallel if we connect the 
two positive brushes together by a short piece of thick cable 
(Fig. 192), for should one then fall in e.m.f. below the other, a large 
current will flow through this connector to the brushes, dividing 
here through the armature and through the field magnet coil, but 
in the same direction in the latter as normally. Therefore by 
providing this low resistance connector we avoid the possibility 
of a bum out. The same applies to the series winding of the 
compound machine, and the same remedy is applicable in this 
case. No connector, however, will prevent the possibility of 
accident in accumulator charging with series machines, for they 
are not working in parallel but in opposition to the cells, and the 
only safe machines to use for this purpose are shunt and separately 
excited dynamos. 
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CHAPTER XVI. 

DIRECT CURRENT MOTORS. 

If an electric current be sent through such a machine as ihat 
described in the last chapter, Trom some external source, it imme- 
diately rotates as a motor, giving mechanical enei^ at the pulley, 
for all electric motors and dynamos are reversible machines, 
and a well-designed dynamo will always make a good motor. But 
where a motor is required it is often advantageous to considerably 
alter the design from that of a dynamo for various reasons. When 
the motor has to run in an exposed position it is common to 
completely enclose it in iron, making the magnet yoke into an 
iron case for the armature. Then again, as it is often impossible 
to attend to the movement of the brushes with changes of load and 
even with changes of direction of rotation, it is usual to employ 
stronger fields and carbon brushes, which are fixed permanently 
in position. 

Consider the conductor carrying a current in the field, shown 
in Fig. 178 in the last chapter. We saw that if the armature were 
free, it would rotate in the opposite direction to that produced by 
the engine. Suppose we use a current from another dynamo and 
join the positive main to the positive terminal of the machine, 
that is, send a current through it in the reverse direction to that 
which we obtained from it as a dynamo, then if it be a shunt 
wound machine, the current in the field magnet coils will still be 
in the same direction as before, but the current in the armature 
coils will be in the reverse direction (see Figs. 193 and 194), and 
therefore the armature will be urged round in the same direction 
as when we used it as a dynamo. If we reverse the direction 
of the current, we reverse the direction of the field and also the 
direction of the current in the armature conductors, and conse- 
quently the direction of rotation is still the same. We therefore 
cannot reverse the direction of motion by simply reversing the 
current. . To do so, it is necessary to reverse only one of the 
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essentials producing rotation, viz., either the direction of the field 
or the direction of the armature current, but not both. The same 
thing applies to the series motor, for by reversing the direction of 
the current in the armature we also reverse the field magnet. The 
usual practice is to reverse the direction of the current in the 
armature only, and this is easily done in either a shunt or series 
motor by a reversing switch (see Figs. 195 and 196)- 

The moment the motor begins to rotate it generates an e.m.f., 
for we have conductors cutting lines of force, and whenever we 




get this, an e.m.f. is produced. But the e.m f. so produced is by 
Lenz's law opposing that which produces it, and therefore acts in 
a direction directly opposing the flow of the current. The current 

is therefore equal to - The left hand rule mentioned in 

the last chapter can be applied to find the direction of rotation 
with any given direction of current and field. 

Now we have seen that the power put into the dynamo by the 
steam engine is principally expended in overcoming the tendency 
for the conductors to go round in the opposite direction. The 
force with which they are urged, depending on the strength of the 
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field, the strength of the current, and the total length of the con- 
ductor in the field carrying the current. This is the same whether 
the machine be run as a dynamo or as a motor, except that the 
loss in frictions, heat ( = c^r), hysteresis, and eddy currents, in the 
case of the dynamo, have to be made up by extra power from the 
steam engine, while in the case of the motor, by extra electrical 
power supplied. Now if the machine be excited and run at a 
certain fixed speed, as a motor, it develops a back e.m.f. = e, 
which is the e.m.f. it would develop as a dynamo if excited to 
the same degree, and run at the same speed by a steam engine. 
Evidently, if we did the latter, the power we should get from the 
machine would be equal to ec watts, the product of the e.m.f. 
developed into the current flowing. It is evident that we must 
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Fig. 195. 



Fig. 196. 



supply some extra power to drive it, and the power we put into it 
is = EC, where E is the e.m.f. we impress on the terminals. E is 
therefore always greater than e, but if the machine is well designed 
and running unloaded, e will be very nearly equal to E . . , If 
they were alike it would mean that no power at all is required to 
drive the machine at no-load full speed, and if e were greater than 
E it would not only drive itself, but we should also receive power 
from it as well, which is perfectly absurd, though many have been 
known to spend a large amount of time and money in trying to 
make machines to so act. 

The power we get out ( = <c) divided by the power we put in 
( = Ec) is the electrical efficiency of the machine, or — 

Electrical efficiency = — = - . 



D„l,:.cbyG0C>^lc 



3o6 ELECTRICAL ENGINEERING. 

This tells us the percentage of energy we are converting 
into something other than heat, and the nearer e approaches e in 
value, the greater is this efficiency. 

But t depends on the speed of the motor, and has its maximum 
value when the speed is a maximum. The dectrical efficiency is 
therefore higher when running at a high speed, than when running 
at a lower speed. When running at its highest speed, however, it 
Is doing very little work per revolution, and when the motor is pre- 
vented from turning it is doing no work, and all the energy supplied 
is wasted in heating the conductors. The maximum amount of 
work per revolution is therefore obtained at some intermediate 
s])eed between nought and maximum. This point of maximum 
work is reached when the motor is developing a back e.m.f. 
equal to half the impressed e.m.f. 

The current that flows through the motor = c = — . 

B 

Therefore e = CR + *. 
The power supplied to the motor 

==EXC = (CR + <)C 

= c'r + «:, 
c^R being the fraction of the power going to heat the conductors, 
and ec being the power transformed. 

Consider the above in the case of a motor working at say loo 
volts having a resistance of . i ohm, and running at such a speed as 
to develop 50 volts { = J e) for the back e.m.f. Then — 

c = Ili- = 500 amperes. 

And power supplied = c*R + rtr 

= {Soo»x.i) + (50x500) 
= 25000 + 25000 
That is to say, 25,000 watts are being wasted in healing the con- 
ductors, and 25,000 watts are being converted into useful work in 
the motor. Now suppose the speed be decreased by 1 o per cent., 
the back e.m.f. will also decrease 10 per cent., and we get — 

c= ^- = 550 amperes. 

Power supplied = c'r l-rtr 

= (SSo'x-0 + (45xS5o) 
= 30250 + 24750 
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or power transformed into useful work = 34750 waits against 25000 
watts when the back e.m.f. was equal to \ e. 

Again, suppose the speed increases so that the back e.m.f. is 
10 per cent, higher, then — 

too- i;^ 
c = ^^ = 450 amperes. 

And power supplied = c'r + rc 

= (4So«x.i) + (5SX45o) 
= 20250 + 24750 

Therefore when the back e.m.f. is equal to half the impressed 
e.m.f., the motor is developing the maximum amount of useful 
work, and the same amount of energy is being converted into heat, 
therefore when a motor is doing the maitimum amount of work 
its electrical efficiency = .5, for only half the energy being supplied 
is converted into useful work. When the back e.m.f. is less or 
greater than half the impressed e.m.f. the motor is doing less work 
and the electrical efficiency is less than ,5 in the former case and 
higher in the latter case. 

It therefore follows that we are getting the maximum amount 
of work from any given motor when the current flowing through 
it is half that which would flow if it were so fixed as to prevent 
the aimature rotating. 

The electrical efficiency is not the same thing as the commer- 
cial efficiency, for out of the amount of energy converted into 
something other than heat, some has to go in overcoming various 
losses in the machine. These are (i) air and bearing friction, and 
(i) hysteresis and eddy current loss. Therefore the commercial 
efficiency of a motor 

_ output (as measured by a brake) 
total energy supplied, 
while the electrical efficiency 

_ output 
output + C*R 

The various losses in the machine are not much greater at full 
load than at light load, and therefore the commercial efficiency will 
be greater at full load than at light load, the maximum efficiency 
being usually at about 75 per cent, of full load. 

e can be measured when we know the resistance of the motor. 
If this be not known, it can be found by connecting an accumu- 
lator and an ammeter in series with it and measuring the current 
that flows through it while at rest. The resistance is th^n equal 
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to R = — = — , and this will practically be the resistance of the 

motor if a fairly large accumulator be employed and short thick 
connecting wires. 

When the motor rotates at its full speed on no load, the only 
power it takes from the circuit is that required to overcome the 
losses in the machine. The. no-load current will be small even 
though the e.m.f. be high and the resistance of the motor low, for 
the machine will then be developing a high back e.m.f. and the 

current that flows = — ^ . 

R 

Thus, if E=ioo volts, R = .i ohm, and < = 99.8 volts, then — 

IOO-9Q.8 .2 
c = iJ— = — =2 amperes, 

and 2 amperes at too volts = 2oo watts is the power required to 
overcome the various no-load losses in the machine. The back 
e.m.f. can be measured by reading the current taken at any load 
and multiplying it into the resistance of the motor. If there were 
no back e.m.f this product would be equal to the impressed e.m.f., 
for according to Ohm's law, e = c x r. The difference between e 
and (cxr) is the back e.m.f. developed by the motor, or 

tf = E-(cXR). 

The back e.m.f. (being that produced by the machine running 
as a dynamo) = — , and therefore the power got from the motor 



'Ihe mechanical work per second produced by the motor = 
T X ^ where T is the torque or turning effort and /t is the angular 
velocity = 2ts, s being as before the speed in revolution per second, 
and 2 ir the measure of one revolution in radians. 

Therefore work per second = ars x t, the torque T being in 
pound feet, and this divided by 550 gives us the horse-power. 
But the power developed in the motor is also equal to 
exc 
746 

Therefore ^ii^ = ??^ 
746 55° 
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e being the e.m.f. developed by the machine as a generator, is 
equal to 



Therefore torque = ^ x - — — = — ^ „ 

^ lo" 8.5 xs 8.5 X lo* 

That is to say, the torque or turning effort in pound feet is 
proportional to the total lines of force, the current through the 
armature, and the number of armature conductors, and in all 
but very special cases the latter is fixed in any given motor, and 
therefore the torque is simply proportional to the armature current 
and the total lines through the armature. 

If we put A (amf>eres) for the current instead of C in the above 
formula, we Iiave — 

CAN 

8.5x10* 
which is easily remembered. 

It must be understood that t is not the pull in pounds exerted 
by the cunent-carrying conductors, but the pull in pounds multi- 
plied by the leverage (radius of the armature) in feet in the same 
way that the moment tending to turn a lever is not the force 
used; but this multiplied by the perpendicular distance from 
the direction of action of the force to the fulcrum. 

A few examples will serve to illustrate the way the various 
problems connected with motor worlt are calculated. 

Q. I. A two-pole motor is required to develop 10 h.p. when 
connected to mains at 150 volts. Assuming the armature to work 
at 86 per cent, efficiency and to run at 5oo revolutions per minute, 
what will be the value of the current, and how many conductors 
must there be on the armature, if the sectional area of the armature 
core be 20 sq. in. ? 

I. The efficiency = 86 per cent. 

Therefore P-2?SlB°i2_°'.S?. 
power put m 100 

Therefore power put in = - — =11.6 h.p. 

= 1 1.6 X 746 = 8653 watts. 

Therefore V X A = 8653, therefore a= -^''■^ = 57.5 

or current required = 57.5 amperes. 
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2. The eRiciency = 86 per cent = -. 

Therefore e = ^^^ = ?^iii5? = , ^9 volts 
100 100 

and * = ?^. therefore 119 = ^ 

Allowing 100,000 lines per square inch, we have N = 100000 x 
20= 3000000, and j = 6oo per niinute= 10 per second. 

Therefore 129= ^ 

Therefore ^= imi^ = 645 
Therefore number of conductors required = 645. 
Q. 2. A tramcar weighs 10 tons, and it is required to run up 
an incline of 1 in 100. If i ampere corresponds to a tractive 
effort of 10 lbs., and the tractive force is 30 lbs, per ton, how 
many amperes will be required to get the tram up the incline, 
and what is the horse-power corresponding to 4 miles per hour? 
(C. and G. Examination.) 

I. For the level, the tractive force required = 30 x 10 = 300 
pounds. 

For the incline of t in 100, 10 tons raised ^^ fi. = — 

= 324 lbs. 

Therefore total tractive effort required = 3O0 + 224 = 524 lbs. 
As I ampere is equal to a tractive force of 10 lbs., then 5_z 
= 52.4 amperes will be required. 

I. Four miles per hour = ^— ^ — - ft per minute. 
The tractive force = 524. 

Therefore ^—^ — ^ S24 = foot-pounds per minute. 

Foot-pounds per minute _. 
33000 

Therefore 4x5280x524 ^^3 h.p. 
60 X 33000 
is required for 4 miles per hour on the incline. 

Shunt wound motors on constant potential mains run at 
practically constant speed for all 'loads up to a certain maximum. 
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If we put on a large load, the speed tends to decrease, and therefore 
the back e.m.f. also tends to decrease, and no extra torque would 
be developed, but if the back e.m.f. is reduced, the current through 
the armature increases in a larger proportion, and therefore with 
the larger load we get a larger current through the armature to 
meet it, and so the torque is increased, and the speed kept 
practically constant. If the machine be of large size, the large 
currents cause such a large armature reaction that the field is 
weakened sufficiently by this cause to allow of even a higher speed 
at full load, but in the smaller machines the volts lost in the 
armature at full load more than compensate for the opposite effect 
of armature reaction. 

As a general thing, a motor is required to start from rest fully 
loaded, and to allow of speed variation over a wide range, lliis 
is more easily accomplished with the series motor than with the 
shunt, as we shall see later on. 

We might vary the speed of the shunt wound motor, however, 
by putting a resistance in the armature circuit, but this is very 
wasteful, and the torque is decreased as well as the speed by so 
doing. A much belter way is to put the resistance in the field 
circuit ; an increase in the resistance here gives rise to an increase 
in speed and vice versa. The added resistance in the field circuit 
weakens the field, and therefore the back e.m.f. is less, and conse- 
quently the current In the armature is greater. If the increase in 
the armature current had the same percentage alteration as the 
decrease in the back e.m.f., there would be no increase in the 
torque, for this is proportional to exc. But the percentage in- 
crease in the armature current is, in this case, larger than the per- 
centage decrease in the back e.m.f. Thus, suppose we take a 
motor whose armature works with say 85 per cent, efficiency, 
impressed e.m.f. = 500 volts, then the back e.m.f. = 3 — iL_S = 
415 volts. 

Therefore 415 = '^ 

Now suppose we reduce N by 10 per cent., then we also reduce 
the back e.m.f. by 10 percent., making 11 = 382.5 volts. 
Now the current in the first case 

_E~g_ 5oo-4a5 75 
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and the current in the second case 

R R R 

which is an increase on the first cunent of 56 per cent Therefore 
at the same speed, by weakening the field 10 per cent., we get an 
increase in the torque of 56 per cent due to the increase in the 
current in the armature, minus 10 per cent, due to the decrease 
in the field strength, or a total increase in the torque of 46 per cent. 

It will be evident that we cannot go far in this direction owing 
to the current in the armature rising rapidly with a weakening of 
the field, and where large changes in speed are required with large 
torque the series motor is far preferable. 

The series motor exerts its maximum torque. when at rest, for 
then the strength of the field and the strength of the armature 
current have both a maximum value. As the motor begins to 
move, it develops a back e.m.f. which cuts down the current in 
the armature and in the field winding also, and the torque falls 
off, but resistance can be slowly cut out of its circuit, so that the 
maximum current and therefore maximum torque continues until 
it has reached its normal speed, when all the resistance should by 
this time be out of the circuit. In this way we can so arrange 
that the motor will start from rest, under full load, with a very 
lai^e torque, and continue to exert this torque till it gains full 
speed, the acceleration, therefore, being very rapid, which is a 
point of the utmost importance in traction work, where the 
stopping and re-starting is very frequent. 

I'he resistance to be added at starting absorbs a large amount 
of power when the re-starting is very frequent, such as is found in 
the case of tramcars. This has led to an arrangement of the 
motors in what is known as the " series -parallel " control. The 
connections to the motors arc made inside a small box, one at 
each end of the car, called the controller (Fig. 197). Inside this 
is a long spindle, carrying a number of stout brass or gun-metal 
segments, which make contact for a longer or shorter time (accord- 
ing to the length of each) with a corresponding number of spring 
contacts. The spindle is provided at its upper end with a sub- 
stantial handle, and the various contacts are made by turning the 
handle through about 150°. In this case two motors are provided 
and a small resistance. The first contact joins both motors and 
the resistance in series on to the trolley wire, which is usually 
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at 500 volts difference of potential to the rails. This allows the 
maximum current to flow, and both motors exert their full torque, 
but the moment they start they both generate a back e.m.f. which 
is added together, for the motors are in series, and so the current 



Fig. 197. 

begins lo decrease. The second contact cuts out half the resist- 
ance and keeps the current at its original value, even though there 
is now a back e.m.f. in the circuit, and the torque slil! continues 
at a maximum. The speed therefore increases, and the third 
contact cuts out all the resistance, and we have the two motors in 
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series only, with the maximum current still on. The next con- 
tact changes the connections from series to parallel, and also 
inserts the whole of the resistance once more. This is necessary, 
because in changing from series to parallel the resistance is only 
one quarter what it was, and the hack e.m.f. is also reduced to 
one half its former value. The maximum current is therefore still 
kept on the motors, though they may be by this time running at 
half speed. The next contact cuts out half of the resistance once 
more, and the final contact cuts out the remaining half, and now 
the two motors are in parallel with no resistance in their circuit, 
both developing a back e.m.f., which prevents any but the current 



Fig. 19S. 
required to meet the toad from passing through them. The whole 
operation is completed and the tramcar running at full speed 
from rest in a few seconds, depending in part on the load and on 
the experience of the motor-man in changing from one contact to 
the next at the right time, the average time being about twenty 
seconds. 

The connections of such a controller are given in a diagram 
designed by the author, in Fig. 198. It is very much distorted, 
the segments being shown in a horizontal plane instead of one 
under the other, but this is so arrnnged that the connections may 
be seen more clearly. The small switch on the left is the reversing 
switch, which reverses the current in the armature of both motors, 
but allows the current to flow in the same direction in the field 
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magnets. A still further turn of the controller handle cuts both 
motors from the line, and short circuits them. They then form 
a very powerful brake. This is only used in cases of emergency, 
for there is danger of burning out the motors in so doing, owing 
to the large currents induced in them at a high speed, in running 
as generators on short circuit. The reversing switch is arranged 
on a second vertical spindle beside the first or main controller 
spindle, and the two are interlocked so that the motors cannot 
be reversed except when the current is off. The two controllers 
(one at either end of the car) are connected in parallel, that is to 
say, similar contacts on the two are connected together so that 
when one is switched off and locked, the car can be controlled 
from the other. 

It will be noticed that in switching off, the reverse operations 
are gone through, and therefore at the moment of breaking con- 
tact with the line, there is only a smali current flowing, if the car 
l)e running at anything above half speed, owing to the two motors 
being in series, with all the resistance in, and a high back e.m.f., 
due to the sum of the back e.m.f.'s of the two motors. There 
is, however, a certain amount of sparking in breaking from one 
contact to another, and if the car be heavily loaded the sparking 
becomes very injurious, and the contacts would soon be burnt 
out unless precautions were taken to prevent it, and this is done 
in most cases by magnetically blowing out the spark. 

Between each contact a flat coil is fixed with its axis directly 
in line with the point of contact, and at the moment of breaking 
the circuit at this point, a strong current is automatically passed 
through all the flat coils in series. This creates a strong magnetic 
field across the whole of the contacts, and the spark — acting like 
a conductor carrying a current — is strongly repelled to one side, 
and so increased in length that it breaks almost as quickly as it 
is formed. 

In tracing out the connections given in the diagram of the 
series parallel controller, the row of contacts are supposed to be 
fixed, while the segments rotate together round the central spindle. 
The lighting of the cars is usually effected by connecting five 
100 volt lamps in series, and two groups, or ten lamps of 16 candle- 
power each, often constitutes the amount of light allowed for each 
car, which is all that could be desired. The cars may be also warmed 
electrically in the winter by the beating effect of the current in 
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resistance coils, as explained in Chapter IV. The direction of the 
current on the first contact is shown by arrow heads in the diagram, 
and the remaining contacts can be traced out by the student in a 
similar manner. 

When motors are used for purposes other than traction, they 
must also be provided with starting resistances to prevent the very 
lai^e currents that would flow at the moment of starting, for at 
this time the motor is not developing a back e.m.f., and its 




Fig. 199. 

resistance, being usually very small, the current that would flow 
through it without a starting resistance would probably prove 
injurious, especially if starting under load. 

A common form of starting resistance is shown in Fig. 199. 
It consists of coils of iron wire lai^e enough to safely carry the 
maximum current, enclosed in a fireproof case and connected to a 
set of contacts. A switch handle can be rotated over the contacts, 
which cuts out more and more of the resistance. At the end of 
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its travel, an iron armature fixed to the switch handle comes into 
contact with the poles of a small electro- magnet which is excited by 
the field shunt current, and holds the switch arm in contact against 
its tendency to fly off, due to the reaction of a strong spring in the 
boss of the switch arm. Should the cunent through the motor be 
broken for a short time, due to any accidental or any other cause, 
the switch immediately flies off, and the motor cannot be re-started 
without the resistance being inserted. The motor current also 
excites a small electro-magnet at the base of the switch board 
which attracts an annature against the reaction of a spring or 




Fig. 199A. 

gravity. This can be set so as to go over with any prearranged 
current. The circuit of first electro-magnet is short circuited 
through this armature, and when the current reaches a dangerous 
value, the armature is pulled over, the switch arm released, and 
the motor saved from injury. 

In the case of a shunt wound motor it is essential that the field 
magnet be excited before the current is switched on to the arma- 
ture, for without the field the motor cannot start, and iherefore 
cannot develop a back e.m.f. The starting switch in this case is 
provided with a continuous bar below the row of contacts, and 
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this is in connection with the field magnet winding and hold-on 
coil, and comes into contact with the switch arm first. Any 
further movement of the switch arm regulates the resistance in 
the armature circuit, but the field remains constantly magnetised. 
In switching off the held magnet circuit is broken last, and in large 
size machines this should be done through a resistance also. A 
diagram showing the connections of such a switch is given in 
Fig. 199A. 

The compound wound dynamo can be run as a motor, but we 
have to remember that the series turns will, in such a case, be acting 
as a demagnetising coil, or in opposition to the shunt coil. In 
many respects it is not so good as the shunt motor, and where it 
is employed the object is to get a more constant speed for all loads 
than is given by the shunt machine. 

Owing to the demagnetising effect of the series coil, the back 
e.m.f, falls automatically with increase of load, and a larger current 
flows through the armature to maintain the speed. 

Used in this way it is clear that the machine will take a lat^e 
starting current, and if the machine be heavily loaded it may refuse 
to start at all, or even run in the reverse direction, owing to the 
field due to the series coil being in excess of that produced by the 
shunt coil. The same effect may be produced while running if a 
large overload be thrown on to the motor for a short time. 

With an increase in the armature current, the torque increases 
up to a certain maximum, and then (owing to the field becoming 
excessively weak with the larger currents in the series coil) the 
torque falls off and finally comes to zero. Any further increase in 
the current will now run the motor in the reverse direction. 

It is therefore seen that a differentially wound compound 
motor has not such a large overload capacity as the shunt motor, 
and moreover it takes a much larger starting current. When it is 
used it is preferable to short circuit the series winding at starting, 
and when the machine has run up to speed as a shunt motor, to put 
the series turns into the circuit by removing the short circuit. 

If the machine has been over compounded, it will give a higher 
speed with increase of load, hut if the winding is correctly chosen, 
we get the same speed at no load and full load with very sli^t 
alterations for intermediate loads. 

In designing the machine for a motor, it is usual to provide 
about y5 as many series ampere turns at full load as there are 
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shunt ampere turns. This is about half of what would be required 
for the same machine run as a dynamo. 

These machines are not used to any great extent, for the shunt 
wound motor can be made to work with but slight change in sijeed 
from nought to full load, especially if of large size (over 20 h.p.). 
With the shunt machine, there are two causes for variation in the 
characteristic. One is volts lost in ihe armature ( = c, x r,), which 
increases with the load and gives rise to a falling characteristic. 
The other is armature reaction, producing a weakening of the field, 
and consequently a rising characteristic. In small machines the 
former is the most important, and we get a slight fall in speed with 
increase in load. But with large machines the resistance of the 
armature is very small, and the armature reaction far outweighs the 
c X R drop, and we therefore get — with the large machine— all the 
advantages of the differential compound wound machine without 
its disadvantages. 

AH modern traction motors are waterproof, four-pole, ironclad 
machines, designed to work at 500 volts. These are connected to 
the car axle through a single reduction spur wheel gearing, except 
in a few instances of heavy electric locomotives where the motor 
armature is connected direct to the car axle without any gearing 
whatever, in which case the armature should be built up on a 
hollow spindle suirounding the car axle, and the two connected 
together through a strong spring coupling to take up the jar at 
starting. The single reduction gear has, however, certain advan- 
tages, and has been found to give such satisfactory results in prac- 
tice that it is very doubtful whether the direct connected motor 
will continue. The back e.m.f. of the motor is proportional to 
NiB, and if s be small— as it is when the motor is direct connected 
— the other items must be correspondingly large, which means 
more iron and copper and therefore a larger and heavier motor. 

With a four-pole motor the speed is reduced to one half, for 
any given back e.m.f, for we have practically two motors in one. 
The conductors in moving half a revolution cut through the field 
twice, and with the same strength of field develop the same back 
e.m.f. as they did in turning through a complete revolution with 
the two-pole machine. A two-pole motor could, however, be 
made to run at the same speed and develop the same back e.m.f. 
as the four-pole motor, but it would be a much heavier machine 
and not nearly so compact. For with the four-pole motor we get 
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a much better distribution of the iron circuit, the connecting yokes 
being formed into the containing case, giving it the appearance of 
a rectangular iron box, none of the moving parts being visible 
except the end of the shaft with the spur wheel fixed to it. This 
magnetic circuit containing case is provided with two bearings at 
one end which embrace the car wheel spindle and so holds the 
motor in gear. The other end of the motor is suspended by 
strong spiral springs from the framework of the car truck which 
take up any jar at starting. 

Q. — A four-pole traction motor, armature diameter = 24 in., 
series wound, 360 armature conductors, lakes a current of 30 
amperes at 500 volts. Flux from one pole = 9,000,000 lines. 
Assuming the field magnets to be separately excited, and the 
armature to work with 90 per cent, efficiency, find (i) speed, (i) 
horse-power, (3) tangential pull on the armature conductors. 

I, Efficiency = 90 per cent. 

Therefore e = i'^ x 500 = 450 volts. 

( = ^ Therefores='— •-=*S°x'^* 

10= VC NX 360 

(There being four poles or two N and two s poles, the total 
lines in this case = 9000000 x z.) 

Therefore s = -^„ ^^ — = 6.8 revolutions per second, 

iSoooooox 360 



2. Horse-power = ^ — _ = *-'__•*. =i8h.p. 



_, 450x3° 

746 746 

3. Torque = ^ -— -=i — ^ . -_^^^ 

= ■* -^ * =3z<; pound feet. 
8.5 ^^ 

The radius of the armature being i ft., the tangential pull on 
the armature conductors 

= ^ = a2S lbs. 

It is evident when we consider the four-pole machine, that 
diamelricatly opposite conductors on the armature are cutting 
through similar fields at the same rale, and are therefore develop- 
ing similar e.m.f.'s (see Fig. zoo). Also that any one conductor 
has its e.m.f. reversed four limes during one complete revolution. 
Suppose we therefore place brushes at the mid-point between each 
pair of poles, that is, at each point where the e.m.f. in any one 
conductor reverses, we should have two pairs of brushes, for the 
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brushes diametrically opposite would have similar e.m.f.'s. 
Opposite brushes could therefore be put in parallel, and we 
should then have the equivalent of two machines in parallel with 
four brushes on the commutator at 90° apart, alternate brushes 
being connected together by a piece of cable, or an insulated 
semicircular band of copper. 

In some cases only two brushes are used, 90' apart, in which 
case diametrically opposite conductors are connected together by 
a series of connectors slipped over the shaft before the commu- 




tator is put on. These usually consist of rings of thin sheet copper 
with lugs projecting at both ends of a diameter. As one ring 
connects together two commutator segments, there will be half as 
many rings required as there are commutator segments. The 
method of connecting is shown diagram matically in Fig, 301, 
These connectors are clamped in front of the end connectors of 
the drum winding, for all such motors are drum wound, owing to 
the ease with which a coil can be disconnected and replaced if 



For tram car motors, however, two circuit single windings are 
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exclusively employed. With this winding only two brushes are 
required, and each conductor is connected to another just over 
90° ahead. After going round in this way llie end is joined to 
the next but one fioni the one we started with, then round again 

and so on ; the winding eventually closing on itself- The brushes 
then connect the winding into two circuits in parallel, instead of 
four circuits in parallel when four brushes are employed. This is 
done, first, so that a higher e.m.f. may be employed ; secondly, 



rig. K>2. 

because equal e.m.f. 's are induced in the two circuits even though 
the armature be not central due to wear at the bearings; and 
thirdly, because the brushes are rather inaccessible, and Uo can 
be got at easier than four. 

Many different windings are employed on multi])olar motors, 
but these are, in the main, elaborate, and must be left for a 
subsequent course of study. 

Fig. 202 shows a modern traction motor open, and Fig. 203 
shows a motor closed, suspended in position from the car fraaie. 
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The magnetising coils are very fiat, and the pole pieces short, the 
two vertical pole pieces often being shorter than the two horizontal 
ones when so arranged, owing to the vertical space under a tram 
car being limited. 




Fig. M14. 



In all cases of multipolar machines with multiple circuit wind- 
ings, it is very difficult, if not impossible, to make the difTerent 
magnetic circuits exactly alike, and therefore the different sections, 
in |>arallel with the brushes, may not be developing exactly similar 
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e.m.f.'s. This would give rise to local currents, which have a ten- 
dency to get up a swing, and cause sparking at alternate brushes. 
To prevent this, a few cross connectors are often added to act as 
ecjualising rings. If now the e,m.r.'s are symmetrical no current 
will flow in the equalising rings, but if not, the out-of-balance cur- 
rent will flow through theno instead of causing sparking at the 
commutator. These equalising rings are unnecessary for machines 
up to 15a k.w. 

It has been pointed out that by using strong fields and carbon 
brushes, sparking at the commutator is prevented, and so the 
brushes can be fixed at points directly midway between the poles, 
and the motor run equally well in either direction. In cases 
where the brushes are movable and sparking occurs, it must be 
remembered that a backward lead is required with increase of 
load, which is opposite to that required for a dynamo. This will 
be readily imderstood by considering Fig. 194, which gives the 
direction of field, armature current, and motion for the motor. 

The magnetisation due to the armature current is in such a 
direction as to strengthen the field at the top right-hand horn, 
and the bottom left-hand horn of the pole pieces, while the other 
two are weakened. This causes a distortion of the field, and the 
point of commutation is thrown over in the opposite direction to 
the direction of rotation, as shown in Fig. 204. Comparing this 
with the similar diagram for the dynamo (Fig. 170), we see that the 
field distortion is reversed in Uie two cases. 

This gives rise to a number of back ampere turns, which is the 
same for the motor and dynamo with the same angular displace- 
ment of the brushes. If, in the case of the motor, we had a for- 
ward lead as in the dynamo, then owing to the armature current 
being reversed, we should have forward ampere turns instead of 
back ampere turns, but as the angular displacement of the brushes 
is backward in the case of the motor we get with the reverse 
armature current, a similar number of back ampere turns, as in 
the case of the dynamo. 

In the case of the shunt wound motor, it is owing to this back- 
ward lead that the machine can maintain a constant speed, and 
in large machines even an increasing speed for increasing toads, 
for the backward lead gives rise to back ampere turns, and there- 
fore a weakening of the field, which as we have seen causes an 
increased torque, due to the increased armature current 
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Gooi^lc 



Collectors, 296 
Giniiiiercial efficiency, 307 
Commulation, 2S2, iSb 
Commutator bars, 291 

— four pari, 271 

— insulation for, 291 

— lugs, 393 

— manulactuie of, 289-293 

— sleeve, 289 

Compound wound dynamo, 379 

— dynamo, characterislJc, z8o 
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Terminal p.d., 12 

Terminals, 59 

Testing, 131-133 

Thermometer, 47 

Tin fuse wire, 246 
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A thorough understanding of what takes place in an alternating current 
circuit is not to be easily acquired. It is believed, however, that one who 
has mastered the first four chapters of this book will be able to solve any 
practical problem concerning the relations which exist between power, 
electro -motive forces, currents, and their phases in series or multiple 
alternating current circuits containing resistance, capacity, and inductance. 
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"There are few, if any, persons more tilled to write a treatise on submarine 
telegraphy than Mr Chailei Bright. He has done his work admirably, and has 
written in a way which will appeal as much to the layman as (o the engineer. 
This admirable volume must for iiiiny years to come hold the position of the 
English classic on submarine tel^rapliy." — Engineer. 

"This book is lull of information. It makes a book of reference which should 
be in every engineer's libraiy,"— A'a/i*™. 

" Mr Bright's inletesiingly written and admirably illustrated book will meet 
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trations. Crown Svo, 7s. 6d., cloth. 
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A Handbook on the Practical Fitting and Running of Ship's Electrical 
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and sea-going Engineers-in-Charge. By J. W. Urquhart, C.E. 
Second Edition, revised and extended. With SB illustrations. Crown 
8vo, 7s. 6d., cloth. 

" The subject of ship eleciric lighting is one 
is to be highly complimented (or placing such a 
electricians."— r^tf Sliamikip. 
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Consisling of Modern Rules, Formula, Tables, and Data. By 
H. R. Kf.mpe. M.lnst.E.E., A.M.lnsl.C.E., Technical Officer, Postal 
Telegraphs, Author of "A Handbook of Electrical Testing," &c. 
Second Edition, thoroughly revised, with additions. With numerous 
illustrations. Royal 33mo, oblong, ;s., leather. 

'■ It is the best book of its Vmil."—Elei/ricai Engineer. 
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HOW TO MAKE A DYNAMO. 

A Practical Treatise for Amateurs. Containing numerous Illustra- 
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revised and enlarged. Crown 8vo, zs,, cloth. 

"The instruclions given in this unpretentious Utile book are sufficiently clear and 
explicit to enable any amateur mechanic possessed of average skill to tniild a practical 
dynamo machine." — EUelrician. 

ELECTRIC UGHT FOR COUNTRY HOUSES. 

A Practical Handbook on the Erection and Running of Small Installa- 
tions, with Particulars of the Cost of Plant and Working. By J. H, 
Knight. Third Edition, revised. Crown 8vo, is., wrapper. 
"The book contains excellent advice nnd many praclical hints for the help or those 
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Fourth Edition, revised. With 1 6 illustrations. Crown 8 vo, is. 6d. 
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Mjw fcr ■ppttcechi n ki mrUwp pnctlce, ndwrUun Aoea ihAUieontlaloTtttennr , 

■rilfc md >•■ i>ank> or biliic u anry Tiwluuikvl matnesn Do^A^"— Mcten 
^"Tba InlofindeB If piMHdr Ibal llkaly to be rHvii 

THE PRACTICAL ENGINEER'S HANDBOOK. 
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Wallib-Tavlmr, A.M.lnstC.E., Anthor of ' RefriaeratTng and let-MJting 
MKhincry." foopp., »ilh i«o Illiutmioni. Medium Svo, qblh. 
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e*o, cloili. Umt PtMiihid. Kit. 7/e 
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Hinll on the Anuiiment mna MMnmninenl of Stone Woriu. Br M. Powil 
Balk.M.I.M.E. Second Ediiion.enluEHl. Cion g>c;, doth . . 9/O 

PUMP5 AND PUMPING. 

A Hudbooli for Pump Uisi. Bcioc Noua on Sclvtloo, CoaMncdoB, lad 
MnnwanenL Bf U. Powii B*u, H.I.M.E. Founh Rditioa. CnwD 
Sid, diilti. { yut PHUulUd. 310 

MILLING MACHINES AND PROCESSES. 

A Pnctical Tieuix oo Shapini Mculi bj Routt Cuiten. li 
Infotnuiion on Uikinz ind GHndina Ibc Culnn. By Paul N. H. 
Anitiorof "Luhs-Woik." jji pp. Willi upmrdi of jso EnmviniL 



LATHE- WORK. 

A Pnctial TreuiK on the Took, ApplUncei. uid Proous cmploni] in 
tl» An of turning. Bf P. N. Hasldck. Sevcnih Edition. Crown )va. S/0 



SCREW-THREADS, 

And Method! of ProductDf Them. With nimieroiii Tibia und cempltM 
Directinoi Ear mini Scntw^^ulliDS Lalhet. By Paul N, Haildce, Aului 

of "Luhe.WDck," Ac Viftb Edition. Wuncou-pockei fin .1/0 

TABLES AND MEMORANDA FOR ENOINBERS, 

MECHANICS, ARCHITECTS. BUILDERS, «G. 

Selected nnd Amused by Fkakcis Smith. Sixth Edition. Reviicd. iocludiDf 
Klictiical TAit.>s, Fokhvljk, ud MsHOMjiDA. Waiucow-podin «•, 

lirap lalhet. [/«( Publulnd. 1(0 



m.'—aitU0irMt^. '-T^bUi pockH muji: 



POCKET aL055ARV OP TECHNICAL TERMS. 

EngUifa.Ftencli, Frtnch-EniUih : wth Tibia niitAble foi the AichiiecninL 
Eniineering, Minuhcturing, und Nuitical Profesioiu. By loHH Jahu 
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S CROSBY LOCKWOOD 4- SON'S CATALOGUE. 

THE ENOINEBR'S YEAR BOOK FOR ipoa. 

CnmnriBag Focmnlie, Rule*. TJblia, Dwm mkI Memoandj In aril, MndiMifc»i| 
Eleclrial, Muine ud Hine Bngin«rinE. By H. R. KiHPX, A.M. lut. C.E., 
U.I.E,E.,FniicipBlTechiiic(J Office, EnsinetT-in-CtueTi Office, Gcnenl Fctt 
Office, LondoD, Author oT "A HuidEonk of Eliciricil Toting," "Tb* 
Electrical EaBineer's Packat-Book," ftc With t,(X» lUnitrUioiu, flpeciAllT 
Kngnml Tdc the work. CisvdSto, ^oupp., leuher. [yiul PoWiAtZ S/O 




THE PORTABLE ENOINB. 



STATIONARY STEAM ENQINES. 

Their Cure and Handtgement. By Cbablei Huist, Author o( " Vilm ind 
V.l»e Gtaring." Cromi 8vo. U^tlufrut. 

IRON AND STEEL. 

A W«k Tot ths Forge, Pcnmdiy, Ytctan, tni Office. Cooulnlng ntij, 

Muigai dT Bu, Riui, PiMt, ud Sh«t Rollmg Uilli; Inn and MuJ 
Fouiidcn: Inn Ship and Bridge Buildcn; Mechuiol Mining, ud Cob- 
nlting Enginecn; Architects, Contncton, Buildeji, Ac By Chajiljo HoArg, 
Aiith<iia["TheS1ideRu]e,"^&i:. Ninth Kditian. 3Ui<i,1eubD . 0/O 

"On* of tto b«t or tt» pocket buoki.-— Siv'fnt Midmlc. 

CONDENSED MECHANICS. 

A Sekcdoo of Famolie, Rules, Tables, and Data Ibc the Vh of Earinecrine 
SludenUi&c. By W. G. C. Hucheb, A.M.I.CE. Crown gro, doth . 2fa 
"TM bind It •d liata bi IluM irbci in .hhei ixmhintM^ri^nctk^lpnU^ la 

THE SAFE USE OF STEAM. 

CootaliungRDlei fcr UDprofauiotia] Steam Uieti. Byan Bngiksul Scratb 
Edidoo. ^emi 0D. 
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MSCHANICAL ESGINEBRING. S*. 9 

THE LOCOMOTIVE ENOINE. 

The AqlDbiosruhy of an Old LoCDOoun Engine. By RovErr WkA-TKIV* 
■1TU(. M.I.U.E. Wuh IllBstikllau ud PoRniu of GEOitai and Rouht 
STiniEHHiH. Crown Gto, cloth. \Jvl PuMulud. Vti 319 



THE LOCOMOTIVE ENGINE AND ITS DEVELOPMENT. 

A Popular TruIk on thi Gratliul Improvinienu made in RailwuT Engina 
between iSoi and .Sot By CuMBNT K. Stbkttok, C.K. Fifth EdSlOD, 
EDluied. Wiih i» lUuitniiioiu. Crown in, doth Uwl PiMitkid. 8/6 



ica] ManuaJ for Ennneeis in Cluu^e of 
L Revmolco, Memha of the Sodety o1 

n^xctor, L. B. a S. C R. Eleventh Ed 

■turn LocoHtfTivn Encihi. Crows Bvo, dolh 

■»d the tni aot onlr id Ebopnctbal'di 



"— CM/ai* Malmii. 



THE MODEL LOCOMOTIVE ENQINEER, 

Finman, and Kngioe-Boy. Compriuiic a Hiaoiical Nolia oT the PioiMB 
Locomotivi Engines and iheir InvenUm. By Michael RcvHOLDS. Second 
Rdiiion, mlb Revised Appendix, CrowQ Bvo, doth. [/■«( PuilUlud. 4/0 

CONTINUOUS RAILWAY BRAKES. 

tbeii CoutiUGtioii and ] 
Tables. By Mickakl 



A PradicaJ Trcatiie on the several SyUtini in U 
tbeii CouliuctiDn and PeifDrmance. With copiou 
Tables. By Mi ~ - . . 



or EDBineen m Charge of Sialic 
Sinlh^ition. CcDwn Sim, doih 

ENOINE-DRIYINQ LIFE. 

Slimng Adventure and Inddenti in the Lim ot L 
Driven. By MiCHABL Rkybouib. Third Edition. Croi 



THE ENQINEMAN'S POCKET COMPANION, 

And Pnclical Educairx for Enrinemen, Boiler Attendant!, and Wecbuiici 
By Michael Rbtvoldi. WiiB 45 lUuttiatiDnB and numerDiu IKagTanu 
Fourth Edition, Revised. Royal iSmo, strongly bmiad for pocket wear 8/fl 
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lo CROSBY LOCKWOOD * SOUS CATALOGUE. 
CIVIL ENGINEERING, SURVEYING, ftc. 



LiOHT RAILWAYS FOR THE UNITED KINQDOM, 

INDIA, AND THE COLONIBA. 

A Pnctiisl Hudbooli mtinE fbrxh ihe Prindpla on whkh Lighl Ru]in>> 
ihonLd be CooATUiilcd, WorEnl, bikI FiiiBnced ; uid dduling Ihr Co*t of 
CoDKructioD. E^iiupmcnl, Revenue anil Woritini Eipenaa of Loial Rulwajrt 

S-iueiluid, Ac 'sj J.'c.lfACKjtv" F.g!s!, KMAaa-C.^'"^-!^^ 
with Plus ud Dugruu. Mtdiiuo Svo, cloth. (/ml PuMuJuil. 1 SAO 

-Mr. Uackay'i nkimt U clHilr ud codcHkIt wittun. •dnlnblr umtBl. md tnmk^ 
tn lU uI>)b^ 1i 1> Bin D> hm a iridi ial&'--.rill&>> A»w. * "" 

TUNNELLINQ. 



PRACTICAL TUNNBLLINQ. 

Kjipluaitif indeuilSetiing-ouL the Wor1u,SbfiA-niikiac,ubd Hcddinjt.jjnvin|(, 
RviruiE the lines nA Levelling nDdereTooDd, 5D^£KC«vaiiDg, TinilMrinj 
and liie CoiiUiiaiiiB of the Bridcmnk of TuiiDeli. wiib ibc uuhuu of l-ilmii 
nquimd for, und ibt Coet of, the vsriaiu ponicmi of the woik. ByFiBomiicii 
W. Slum, M.lui.aE. Pmirth Edinon, Rcvued and Funhei Ealcadad. 
iDchidiiu tbt moat recent <iBjj) Eiainplei of Sub^qnanu and oiber TobikK 
byD, KlHHKAi Claik, U. Init. CE. [mpsUISro, irjib u FoitUncFlalei 
and olbcr IlliuDaiiou. Cloih. I/hKPkNuW £2 2>. 

•a Ian Uw lUa u wtlS^a ad 



THE WATER SUPPLY OF TOWNS AND THE CON- 

STRUCTION OP WATER-WORKS. 

A Practical TiealiK fur ibe Uae of Encinecn and Student! of EngiiKeiina. 
Ro W. K.^BuiTOH, A^M. Init. C.E., Profuior orSanilur. EngineetmE b the 
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CIVIL ENGINBESIlfG. SURVEYING. *e. ii 

THE WATER SUPPLY OP CITIE5 AND TOWNS. 

ByWiujAMHDHBn, A.H. tnn.CE., uidM.lna M.S., Auibc* of "Cut 

and WmoEbt Jron BridjEa Cnutmctitn," Ac, Ac llliutrHted with u Dovblfl 
Plus, I Sngic Plus, CDiDued Froiilit(Heai uid upwudi of iso Wocxlcau, 
uid cotituninE 40D pp. of Text. Imp. 410, cLcgvitlj and nbttuilLiLJly 
biJf-bound id mnroccii JVif JJS Ol. 



RURAL WATER SUPPLY. 

A Ftucticai Hudbook on the Supply of Water ud ConMnKtioD of WmIK> 
wocki (or imall CouDuy Duuiclt. By Allah GuunnLL, A.U.l.aS., 
uidW. T. CuiKT, A.U.1.C,R., F.G.S. With lUutnuiou. Sunul Ediboa, 
ReviKd. Crown Bvo, dotb. \JtHl PaUillad. S/O 

HYDRAULIC POWER ENQINEERINO. 

A Pnctiol Mumal od Ibe Concenlnlion ud Tiuumiuioa of Power by 
Hnlrmulic Uachinery. By G. Ciotdok Muks. A.M. Inn. C.E. Witt 
nearly iDallllutlelBiii. 8n>, cloth. [/■(> /WllilAAf. JVW 0/0 



HYDRAULIC TABLES, CO-EPPICIBNTS, & PORMUUC, 

For [Ending the Dudmrge of Wuer ftcnn Orifka. Nolcbei, Wein, Pipei, ud 
Rivtti, Wlh New Formulie, Tablai, and Gtnnal Inlomaiion on Knin-bU, 
Catcbmenl.Buini, Drainice. Seweiace, Water Supply for Towni and Hilt 



r Lawk b'A. jACKtoN, 
n, Enlarged. Large cri 



K Pnciica] Treuiie on the HeuueiDent, Smce, Converancc, and UtiUab 
tionofWatsfbr tbt Sapply of Towtu, ibi Uill Povs, ud Toi otber FarpoML 
By C SUGO, A. H. lut. C.B. Secnd Kditiaa. Crown Sto, cloth . 7fS 



WATER ENQINEERINO. 

■lea 
fit 

1. 
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CR05SF LOCKWOOD «■ SON'S CATALOGVB 
THE RECIAAIATION OF LAND FKUM TIDAL WATERS. 

~ ' d ProEcieton, jud othsi btnaied in 

„ '"-TI. QK. With 

■ "■' 10(8 




MASONRY DAM5 PROM INCEPTION to COMPLETION. 

Indndlnt numcraiu Ponnulis, Fumii of Spedficuiai and Todd, Pnte 
DiiuruD of Faco, ftc Fuc Ihe uic of UvU *nd HiaEng EniiBstn. Bt 
C r. CoUKTMn, U.Inu.CE. Svo, doth. IJial P^i&lui. 0/6 



luion, uid iheir Tmtmenl by " liKlaad Ildil 
s of the SocasftiJ Reduoiijii b* Ihii Uctbod td 
. to the Dubhn Port ud Dodn 



TRAMWAYS: THEIR CONSTRUCTION AND WDRKINO. 

Aiulyiii of Ihc Vviotu Moda of TnctioD. iodudinc kone Pawa, Suam, 
Cable TrKtlon, Elccuic Traoion, Ac i a Daoiption of tb« VuHtiiraf 
Rolling Slodc ; and ami^e DeMili of Cos uid WorUag Sifuiia. N<* 
Ediiion, TboTouflhJy Revuoi, jmd Including the Pnwrai nccBllr made b 

Tr«„-.. C™,«™rlinn. ftc, &c By D. RlHHUR ^lAH, H. IlBtCK. 

o, 7ao pp., budmm. [JbU Publiikid. 20/0 

wiboa£«nlliraf sacUoBry.'— 7^ AiViOiarr. 

SURVEYINQ A5 PRACTISED BY CIVIL ENGINEERS 

AND SURVEVOR^. 

Indudiig ihn Setlit^'OuiDf Woik< for Conii ni' lion and Sumri Abroad, with 



AID TO SURVEY PRACTICE. 

For REferEnce in SnivarinE, LevellinE, and S«uinl«ul ; lod in RoaM Sib- 
nyi of Tnvelkn bj Land and Sea. With TaMet, niuDUiom, and Recocdft, 
By Ltmit D'A. Jacksom, A.M.I.CE. tta, doth .... 1 9/6 
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CIVIL ENGINEERING. SURVEYING. A-c. 13 

SURVEYING WITH THE TACHEOMETER. 

A piwukil Muiuil for ihs OK of Ovil ud UUiur7 Enrlneen ud SurrEyoR. 
Indadins two •erin of Tabia specially eompursd Toe [ba Reduction at 

II. IBH. aEfWllh Dixgiuni Uld Plain. Demy Sto. datb. ltd 10IS 

BNQINEER'S & MININQ SURVEYOR'S FIELD BOOK. 

Cnrinint td a Serial at Tabls, witb Ruin, ExplanalioDi sf SrMCDU, nod 
B* of Thtodolile fa TnverM Suiveyinc and plotting tbe work with nuauu 
•cconcrbr dkuu of Stiaighi Edge and Se Squue onlr; Level liui witb Ibe 
Tbeodolite, Se»iii(4ul Curvei wilb and without tbe Tbeodolitl, Earlbvork 
Tablo, &C. ByW. Davis Haskdll. C.E. With aumeroui Woodcuta. 
Fooith Editioo, EnlviMJ. Crown 8vo, dc"'- """" 



LAND AND MARINE SURVEVINQ. 

Riven, Towai' Walei Sirprniei ; Doda ud Harbouta. Witli Qwipti 
and Vtc of Surverinc InjInimenU. By W. Davib Hmkoll, C.E. Seoo 
Kditioo, Reriaed, wilb Additiona. Laige dawn ivo, dolb ... 9 

BBdh* ItMlacaasund that It iRH ibo 

PRINCIPLES AND PRACTICE OP LEVELLINQ. 

Showing iti AppliizalioD to Puipaia of Railway and Ciril Engineoing ia 
tba CoDHrucIion o[ Roadi ; wiib Mr. Telivrd's Rulei for Ibe ume. By 
Fin>»ica W. Siuus, F.G.S., M. Inn. C.E. Eighth Editioo. with ibt 
tdditjon of Law's Praclical Enmplei for Sctting^ot Railway Curvia, and 
T...r™,B.'. Field Ptaclice of Laying-out CirculK Curvet. Wiib f Pluei 
Woodquis, s™, dMb . S/e 



i" T^AUTWiwB oa CuRVB may bo bad lepwata , 



D^^ 



For the Fonution of Gcostimhical and Topographical Mapa and Plana, HiB- 
tHT 11——:—— LEVELLING, ftc^ inih Uicfiil Problou, FormolB, 
and TaMea. By LJeuL .General Fiohx, R.E. Fotuib Editiuu, Reriaed awl 

Etly Re.inilleD by Maja-GcDcnl Sir CKAatas Wahhh, G.C.H.G., R.E. 
lb 19 Platei and ii; Woodcnta, ro^ tvo, doth .... 1B/0 

TABLE5 OF TANGENTIAL ANGLES AND MULTIPLES 

FOR aBTTINQ-OUT CURVES. 

Fnan ; to kd Rudiiu. Bv A. Beahliv, M. tnii. C.E. 6th Edition, 

Rtvited. With an Anendix on the Die ot tbe Tabls dx Meaiuiing up 

Cuma. Printed en v> Cards, and sold in a doth boa. waist co at 'pocket site. 

IJtal PtdUJitd. 319 

HANDY GENERAL BARTH-WORK TABLES. 

^ving the Cootenti b Cubic Varda of CenirE and Slopes of Cutting and 
" ■ ■ .-...- ........ j^j -^ Depib or Height, (or nae with eitha 

By J. H. WA-raON Bdck, H. InK. CE. 
\J-tl FuUitktd. S/8 
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14 CROSBY LOCKWOOD *• SOUS CATALOGUB. 

EARTHWORK TABLES. 

Showing Ihe Conlenti in CuUc Yardi of Bmbinkmenii, CnttiiiEi, Ac, of 
HfiEhu « Drpths up to wi DvtniEe of Bo fecc. By JoiErK Bioaduht, CK., 
u.d>ii*NcisCAi.ri«, C.E. Crown Gvo, clolh S/0 

A MANUAL ON EARTHWORK. 

ByAwx. J. S. GuHAH, C.EL With hiuiktdiu Diignnu. Seraoi] BiUtioB. 

■gmo, cloth file 

THE CONSTRUCTION OF LARGE TUNNEL SHAFTS. 

A Pnctiol wid Theonticd Eiscy. Bt I. H. WAnoH Bin:ii, U. Ibh. C.E., 
Rcu)«l E>i(iii>cr, L. ud N. W. R. With Foldint Pkuo, tvo, clock IB/O 



CAST ft WROUQHT IRON BRIDGE CONSTRUCTION 

(A Complete uid Pisctical TnuiK an), iodudlng Inn FonnduiaB. Id 
Thrsa Pun.— TheomicjJ, Pinclical, and Dncnptive. By Williah Hdvui, 

proved, with ijj I>Dub1c PlUes(io of which now fn%t j^jpevr in this edltkv), 
bid namcTaiu Additiom to the Terr. In 3 volft., imp. 410 half-boond U 

«»™™ ■ e8i<te.0o. 



Mr. Ki.kUii-. Mr. Pifg. fi?^owl.r°' Mi? H^^a^ Ld iiU« i^oai «mV bM "mi'jS 

ESSAY ON OBLIQUE BRIDOES 

(Prutiul uid Theoretiixl). With 13 krve Pluei. By the lue Cmotaw 
Watsok Buck, M.I, C.K Fourth EJition, nviicd by hij Son, J. H. Watsoh 
Buck, M.I.C.E. ; uid with the uldiiion of Descnpiion to Diutmmi lor 
FKilitiuDgiheConiiruclian of Oblique Biidgei, by W. H. Baklow^.I.CE. 
Ro^ gvo, cloth 12fO 

THE CONSTRUCTION OP OBLIQUE ARCHES 

(A PrKticU TrMiiM ooj, By Johh Hart. Thitd Editkn, will 
inpoiAl flTD, cloth .......'.. 

GRAPHIC AND ANALYTIC STATICS. 



., ctical Appli. — _. . 

i, Luiiice, Bowairinf, ud Suspension Bridni, BrActd Ii 
Hid Olhrt FtMifworlM. By k. Hudsoh^bahak, C.E 



.met SpeciaJly arranKcd for Clui.work in CoUvcb ud 
iecood Edi [ion. Reviled uid Enluged. Svo, cloth . 16/0 



WEIGHTS OP WROUGHT IRON ft STEEL GIRDERS. 

A Gnpbic Table (or FidliUiting the CompatAUoD nf the Weifhti of Wronrin 
Iron ud Steel Girden, &c., foi PuliMnenury >'"' niSs Euiinus. By 
J. H. Waticih Ruck. M. Iiut. C.E. Ou > ShM 2/0 
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CIVIL ENGINEERING. SURVEYING, »e. 15 

PRACTICAL OEOMETRV. 

Fen Ibe Archiiecl, Engineer, uid M«hanii:. Giving Rules or iht Dtlincuioa 
ud ApplicUion of vwioiu Geometric^ IJnes. FicunA, ud CurvvL Bt 
E. W. T*BK, M.A., Aichileel. S™, cloih gf^ 

THB QEOMBTRY OF COAIPASSBA. 

Or, PTQhlcnis Reulxd by the meie De«iiption of Grda nod the Uh of 
Cnlound Diicnnu wd Srnboli. By Olitih ttnNL Colound Plua. 
Crown Bve. cloib 3(g 

HANDY BOOK POR THE CALCULATION op STRAINS 

In Ginlen and SimiW Suuclurei md tbtir Slrcnglb. Coniining of FoimulB 
ud Comsponding Diigrimi, witli numcroui deuili r« Piacual Applies^ 
tion, At By William Humbm, A. M. Lnsi.C.E.. Ac. Fifth KdilioB. 
CtownS™, -ithnemily looWoodcuiswidjPlaiM, dolh - 716 

" Wi luiuilly coamtni uA nally A«^ b^ottTliuF anzlnaw ud •nhtun rmdnv'*— 

TRUSSES OP WOOD AND IRON. 

Pnclioi] Applicuioni aC Science in Dctrnniniiig the Sireuei, Biulcini 
Wdiba, Sife Lo»di, Soinllingi, md Deudlj of Consltuction. Wilt CoinpleU 
WofkillE Dnwingi. By W1T.LIJIM GmrFiTKS, Suivcyor, Bvo, ciolh. 4/0 

THE STRAINS ON STRUCTURES OF IRONWORK. 

With Piuiicil Remulci on Iron Conslruction. By F. W. Skeilds, M.I.CE. 
Km, cloth BIO 

A TREATISE ON THE STRENGTH OF MATERIALS. 

With Rules fur Application in Ardkiiecture, the ConstTuclion of Stupeniioii 
Bridgtl, RlilwsvE, Ac. BypETie Bahuiw, F.R.S. A new Kdition, reTJHd 
by h^ So^, P. W. Baslow, F.R.S., uid W. U. Baiilow, F.R.S. ; to oblch 

Focmnls I'or calculiling Girden, Ac Anwigi^ uid E^tsl by Wu^HuMBBI, 
A. M.IniuCE. Svo. clotb 1B/0 

SAFE RAILWAY WORKING. 

A Trentiie on R«ilwMy Accidents, their Csuie snd Pnvenlicai ; with 1 De- 
iciiplian of Muden Appliiuicil and Syilenii. Hy Clbuiht E. Stuettoh, 
C-E., Vicc-Prcsjdeni snrf Consuiiing Engineer, AmalK«inHIed Scnel^ of 



i£nlsi8«l. Crown Sv 



'•"^i,T. 






EXPANSION OF STRUCTURES BY HEAT. 

By JoHH KEII.T, C.E., isle of the Indian Public World D^annail. Crown 
in. cloth 8/6 
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16 CROSBY LOCKtVOOD * SON'S CATALOGUE. 
THE PR0aRE55 OP MODERN ENaiNGERINO. 

Compku in Four VoIiidmi, imperii! *io. half-iiioiocco, pricE JB1 2 1 2*. 

Bach volume uld aepunudri u roUowi :— 
PiEST Skiiks, CompruuiE CiTil, MecluiiiEil, Huidc, Urdnulic, Railnr, 
Bridge, end olhet EngtKcriDg Woiki, &c By William Huhio:, 
A.M.lii(t.C.E.,ftc. Imp. 110, wiitijfi Double Plueidnwri 10 Klurgeicde, 
Pbottynphic Poimil of John Hmwluhiw, CE., F.R.S., fti:., ud copiont 
deicripdve LcttcrpKu, Spedficiitjocu, Sic KHlf-morocco £3 3a- 



NUMBER'S MODERN ENGINEERINQ. 

Second SKiin. Imp. 410, witb 1 Double PlUei, Photognpliic Portnll ol 
Robert Steohetuon. C.E., M.P., F.K.S., Ac, ud copieu deicripdn Latler- 

prss, Speaficnlionv &c. Halr-morocco £3 Ss. 

List or Tm Platu ahd Diagkahs. 



HUMBER'5 MODERN ENQINBERINO. 

Third Sebies, Imp. 41a, with 40 Doutde Plus, PtaoioEnpfaic PoitnlKf 
' R..M'Cle»n, l«e Pra. Inn. C.K., »nd coi^oui docnpuve Leli^iceH, 



) 1 OUTTALL 5BWBB, Fl 



NUMBER'S MODERN ENQINEERiNO. 

Fourth Sebies. Imp. 410, wilb 36 Double FIub, Photixnptaic Ponnil si 
joha Fowler, Ute Pro. Ind. C.K., ud copUmi deKriptive LetUTireu, Sped- 
ficuioni, &c Kalf-moTDCED £3 3*. 
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MARIKE ENGINEBRING. NAVIGATION. *c. 



MARINE ENGINEERING, SHIPBUILDING. 
NAVIGATION, &c. 



Snrvevoi'i HwidT Book of ReTaeDcc. B* Clxmeht Mmkrow, M.I.N.A. 
Eigbit Edition, Dir«[ulLy RcviKd and EnWgcd. Fcap.. Jeuhcr. 

lJ%il Piitliilud. /filtStl€ 







WANNAN'S MARINE BNOINEBR'S OUIDE 

To Bouil oTTnde EuminrntiDTU for Ccriifiala of Competency. Conulning 
an Luol QueititHu ID Due, wilh Simple, Cleu, ind Correct Solutioai ; 
"■ cniuy Qucstioni with '" ' ' ,-...-->■ 



C.w!>HKVii,aE!!,Coniu1tingEngi^M^ 
cltficated Fim plus Muinc Enginnr. 



..._. . ..._ .-.^ IlluKraMd with numcmiu Engrvv- 

. Third Edition, Revised and Enlarged. ;Da puEet. Large ciown Svo, 

ciotn. iy.i/7w/.i*c/ JViMO'6 

WANNAN'S MARINE ENaiNGER'S POCKET-BOOK 

By"A."c!VA«M*K. Third Edition,' Re^i^rEnl^ged, and'^ught Up to 
Due. Square iSmo. -ilh thumb Indu, Icuhtr. IJmI Pl^Iillud. 0,0 
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CROSBY LOCKWOOD «• SOS'S CATALOGVE. 



AEA TBRALS, PHRA5E5, AND W0RD5 



(TecfanicBl Diciionuy of) lued m the Engliih ud Fnndi ldiisiu(H 
""■"'" ■ - ■■.-■.-■.. -- ~ *1IM«I,K]01», 

the Africam Siejimthip Conipuir' Fcttp. Bi 



^^i^-Fiench, Fiench-EnglUh). F« tbe Ub of Somen, Esgkeen, 1^ 






ELECTRIC 5HIP-LiaHTINQ. 

A Handlwok on it» Pncliod F 
tor ifae Uh of Shlpaim 
EngiDeen in Chufe. I 

3=6 pp., Willi M ll!B.tr«iDnr~Crc.i^si^ doS!"" 'i/wi>irf7uW.'~778 



'nclical Fitdni ind Ruuimccf Shi^' Elecnlcal PUut, 

wow% uid BuiJden. UaHim Etectricuui aod Sea^ftnac 

By r. W. UnquHAitT, Auiliar of "Electric UgtaT" 

iaa, lie Second Edition, Revised and Eilended. 



ELEMENTARY ENOINEERINO. 

A Hwiul ler Voonf Marina Encineaii and Appnnlicei. In the F«i 

QncetiDiu and Aiuven on MelaJL Alloya, 5[nDg(h of UaleriaJa, Cauuuc 
—4 Manaaement of Marine Eneinei and Boilen, Geometrr, &c, &c ^ 
L Appendii of Uaefnl Tahlea. Bf J. S. BsEwaa. Crown gvo, clotfa . 



MARINE ENQINEA AND 3TEAJH VESSELS. 

A TnaciK DO. Bt Roukt Huuav, CE. Eichth Editioi, thonschlT 

Reriaed, willi coniideiaUe Additioiu h; tbe AutlMr and by GlolGI 
Cahluls. CE., Senior Sarreyor to the Baud of Trade, iiaio, cloth . 4/8 



PRACTICAL NAVIQATION. 

a Gbbmbwood i — 

^TauDcal Tablei for 
d PndcBa J. R. 



Conaiating of The Shiloc'i Sia-Book, br Jahu GuiinicK 
RossiR \ iDgethex viih the exciaiaite Uathematjca] aod Naud 
the WoTlriw of tbe Problemi, by Hehiiv Lao, C.E., and P 
Young, llluiuaiad. imo, araogly baU-bomid . 

THE ART AND SCIENCE OP SAILMAKINQ. 

Bt Samuil B. Santn, Practical Sailmaka-, lau in the empkinHBt of 
Mcaara. Ralaev and I^plhome, of Cowea him] GoepOR. With PUtei and 
other IlLuHoiioiu. Small 4I0, doth 1210 

■ala mu-bwk and [uS^^/vnnwA TtauT' 



CHAIN CABLES AND CHAINS. 

Compriring Siiet and Cnrvei of linlu, Sludl, Sc, Iron for Cables and Chaini, 
Chain Cable and Chain Mikini, Fanning and Weldini Linlu, Suennh 0) 
Cablei and Chaiot, Cenificus for Cablet, Marking Cablei, Pnce* e< Chain 
Cablei and Chaini, Hinorical Nolea, Acu <rf Parliament, Slamtory Tea*, 
Chugs foi Teuini, Liti of Manufactuien of CaUei, Ac, ftc Br 
Thduas W. TaAILi.. F.E.R.N., M.Inil.C.E., Engu>eer.SuiveyDC-in-CIueI, 
liuiud of Trade, liupedot of Chain Cable and AndiaPiaving EltabltlhllKaM, 
and G«netai Snpciunendent Lloyd's Committee on Proving Eitabliihmenta. 
With niuDflffoui Table*, [lluatialiona, and Lithographic DrawingL Folio, 
cloth, bevelled boardl £2 2(. 
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MtNIttG. MBTALLtjaGr, A- COLLIERY WORKING, ig 

MINING, HBTALLURQY, AND 
COLLIERY WORKINQ. 
THE DEEP LEVEL MINES OF THE RAND, 

And their Future D«wlDp]DEi]i,cDnsiderFd rrom the Commenul Feint of View. 
Bv G. A. DlNHV, M.N7E. Intt. M.E., Caniulting Engines Id the Gtnen] 
Miaing uul Fiiuncc CWporition, Ltd.. oT London, Berlin, Paris, ud Inhan. 
DnboTg. Fnlly Illtulnled with Diagraiiu and Folding Pluls.. Royal Sra, 



^"'HS' 






PROSPECTING FOR GOLD. 

A HandboDliaf Infonnuion and Hinti for Proipecton baied on Feiionil 
Enperieoce, Bj- Danibl J. Rankin, F.B.S.G.S.. M.RA.S. Author of "The 
Zambeii Ba^n, &c. ; forimcly Managei a( the Cenliat Afiican Company, and 
LeaderoT African Gobi FioipoctinE Eipediiioni. With llluiualioni jpeciallv 
Drawn and Engraved for the Work. F^aip. Sto, leilher. AW 7/6 

THE METALLUROV OF GOLD. 

A Pnclical TieatiR aa ibe Meulluincal TreaOHint of Go)d-beuiog Oiea. 
Induding the AKuying, Melting, uul Refining of Gold- Bv M. Eisslsr, 
A.LM.^, H. Lul.lk.H. Filth Edition, Enlarged. With 300 llluurations 
and Folding Plntta. Hedium Svo, chMh. [Jiut PaWltuil. Kit 21/0 

mU^, froD Ow brSS^^Ilw iiuuti to the May o< ttw btOon. b dacrlbwl U di£^^^ 
ID aD pwlMlnnl icum anciieil U IIh (okljnliaiv bdiaBT.'— iVteAv fntmmL 

THE CYANIDE PR0CE35 OF GOLD EXTRACTION. 

IncJudinL 

lib DiagiaDU athl Working DrawiogL 
. 8vo, cloth . NitJIO 

DIAMOND DRILLING FOR GOLD & OTHER MINERALS. 

Ihe Use of Modem Diamond Core Diilli in Pro- 

} Properties, including Paiticulari of 
yG, A. Dehnt, M.N.£.Injt.M.E., 
with lllusuative Diigiauu, 1 2/6 



Including ita Practical Application on IheW 

where. ^ M. EissL», M.E. With Diagranu atid V 



the Codts of Apparatus and Working. 
M.LM. andM: Medium Svo, 168 p( 

FIELD TESTING FOR GOLD AND SILVER. 

A Pnctical Manual for Promecton and Ulnen. By W. H. Muuitt, 
M.N.K. tut. M.E., A.R.S.M:, ftc. Fcap. Svo, leather. ^it S/Q 

"lECtvaattieiulofiliB Author^ ciperiantaaaMEavber of pinpiicton, and b ■ b«t1( whicb 
aa ptotpaciDf CVUld UM bBtritudUr wlllHhjl £ndim El pu qui mlL"— jSvfrHHK. 

THE PR03PECT0R'S HANDBOOK. 

A Guide for the Ptoipeclor and Traveller in learch of Metal-Beajinii or other 
Valuable Minerali. By J. W. Ahdekson, U.A. (Cunb.X F.R.gTS. Ninth 
"" ' " ' 0, cloth, 3/8 :«, leather, pocket-book form. . 4/8 
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CROSBT LOCKWOOD ♦ SO^'S CATALOGDE. 



THE METALLURQY OP SILVER. 

A Pnclici] TreKtiH oa tbc AnulEimution, RoAida^, uh] TJxiTucioii of SQva 

" &C. Third Kdidcn. 
. 10/6 



Orl lodudinE the Aiuving, Helliag, tai RefiDini oC Silnr Bullion. Br 
M. EiSBUK, Aiilbot of ''ThE MEUJliir(; of Gi^" &c Third KdidoL 
Cnxrn Sto, doch 1 0/6 



THE HYDRO-METALLURQY OF COPPER. 

Being »n Accoanl of ProcKW! Adopted in the Hydro- M«allnrgic«l Trent- 

, ^..__-r___.._ n_._ •--■-dingiheMsimfactuK of Copper Vimol, with 

ilv oT Copper and the Roasling of Copper Ona. 



Desdiptioiu of Modi 

By M. EissLBR, M.E., Aothi 



Sources of Surtily oT Copper and the Roasiine of Comer Otis. 
M.I.M,M. Merfium Bvo, doih. U-' P-ilisM. Ml %aie 

i OF ARQENTIFEROUA LEAD. 

1 the Smelting of 5i1ver-T,e«d Ores Uld the Re£rdns of 
r\% Repoiu DD wioiu SmeltioG SitnblishneDti mod 

Aalhor of " The Meullnrgy oi Goldr&t Clown Sio, 



THE MBTALLURQV OF ARQENTIFEROUA LEAD. 

A Prulicil TreuiK on the Smelting of Silver-Ijvd Ota ud Ibe ReSiliM of 
l_j D„ii:™ Indudi— ■" ■■ =—■-:— .'-.-i.i-u- -. 



1 183 lUnnniioai, doih 1 2/S 



METALLIFEROUS MINERALS AND MINING. 

By D. C. Davibs, F.G.S. Siilh Bditioa, thoroDchly Rvised ud nmcb 
Enlvged by hi( Son, E. Hehit David, M.E., f:G.S. 6ob pp., with 171 
lUnitrationt. Large crown Svo, doth l]\lil PiAlisllld. Nli -{aii 

" At M hfadorr of tli« pnvci Hate of mining througbout the WDrtd tUi book taai ■ nni nkiflt 

MACHINERY FOR METALLIFEROUS MINES. 

Mines. By E. HbnrVdavims, mIIITfIS.S. MSfum'svo, cloih!^»'p|i 
With Folding Plates and other iflBstmioni. l/ui/ ^uiOlitil. Xtl 2010 



EARTHY AND OTHER MINERALS AND MINING. 

By D. C. Davih, F.G.S., Author gf " Melalliferaiu Miuerali," Ac. TUrd 
Bditioa, Rdiied ud Enluged byhii Sco, E. Hbhav Davus, U.E., F.G.S. 
With kbOBl loo Ulutimtioni. Crown 9vo, dolh 1 S/8 
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Jf/WWC. UBTALLURGY. * COLLIERY fPORKING ai 
POCKBT-BOOK FOR MINBR5 AND MBTALLURQISTS. 

DupcUng RdIs, FonBuls, Tnblsh ud Nota for Uk in PhM whI Oflica 
'ait. By F. Damv»£ Powbh, f.G.S., M.B. Sacond Ediiioq, CotnCMd. 
ap. Bvo, lalliB. [JhiI PublMil. SJO 



THE MINER'5 HANDBOOK. 



idy Book of REfeiEnci on the fDb|ccIi of Hinenl Dapnili, Mini 
!„. r>_ r. : — o.- f Se U« of Sludenu and others inlereu 



Opentionfi, Oi« Diusing 

in Mining Muicn. By John Milhi, 

Imperii IlnivcTiilT of Ji|Hn. Thint Ei 

THE IRON ORe.5 of GREAT BRITAIN and IRELAND. 

Tbor Mode of Occuirenc«, Age vnd Orisin, uid ibe Metboda of ScarduDE for 
ud WorkinE Them. With > Notice of Kinie of the lion Orel of Spun. Bt 
J. D. IUndall, F.G.S., Mining Engineer. CiDwn Svo, clutb . . 1 8/0 

MINE DRAINAGE. 

A Complete Pnictial TreUiie 
Pu m w n a Machinery. By S 
ubd Enlarged, 39op^ With 




.. , i,"ra 

ur PBIMH Dub Oh nadtr sir dnln, u, «i t£a «bK hud. npplriiiE him 
InbHwUnebottt uyof tlw paviH Ui4 come wltbla (bv Knpe of ihtvdlDiiuC— 7j> 

ELECTRICITY AS APPLIED TO MINING. 

A PnolicalTreeiise for Mining Engineers. By Arnold LurroN, M.Inu.C.E., 
M.1.E.E.,G. D. AsFiHALL Pakk, M.I.E.E., uid Herbert Pbkkin, M.I.H.E. 
With a laige number of Illustntiou. Medium 8vo, oloib. 

IJiul PuilaluJ. Nil 7ie 

THE COLUERV MANAGER'S HANDBOOK. 

Trestiie CD Che I^yingHjiit juid Working of Callietica, 
_,B j_ ,__ '•-"-—,'Uaiita.tit. and foTthe U>e of Cod 



Minmg Students piepjuing for Fint<lasa CertificaHa. By C --^ , 

Mining ai^MediaiilcaJ Enginccn; and Member of the South Wala Inililnle 
of Mhiing Engineen. With 70a Phuu, Dingramt, uid other lUuuntioni. 

Strongly bo^nd '. '. . ." . ' . .™ . "■ . ™ JEl ^Ei 



tx wtakli H taluSSld, bilnirdHi, 
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M CROSBY lOCKWOOD S- SON'S CATALOGUE. 

COLLIBRV WORKINa AND JKANAaBMENT. 

mng the Duda of ■CoUivrf Muug«r, Ibe Owiighl tsA Arrsi^** 
rf LuboiiT W¥l Wikis, iDd Ihe diAtonI STncnu of Woridne Cod 

"-- " *■ ° — ■ " • "■ RlDHATHE. 3< ~ -■ - 

L/w(Pi>Nh 




COAL AND COAL MININQ. 

Bt tlH lue Sb Waiihgtoh W. Shtth, F.R.S., Cliisf InipiEiiir 01 the 
Hius of Ihe Crown. Eigblli Edidon, Rwued mad Eilcnded by T. Fourn 
Broitn, Hininc Bngioaer, Cliisf Impscmr of tha Uina of the Crawn uhI 
of the Duchy (tfCcnsiUL CrewiiBTO,eloih. {/ml Puiiiilitd. 3/6 

NOTES AND FORMULA FOR MINING 3TUDENTS. 

BvIoHNHnKAH MnivAU,M,A..LiteFni<'cnnrorUiniiigia tfacDnrhim 
College of Sdnicc, Ncwcutlc-npcm-TiFTK. Fonnh Sditlon. Revusd mi 
Enlaced. By H. F. BuLMAH, A.M.Inu.C.E. SdiaL crown Bvo, doth. 2/8 

INFLAMMABLE QAS AND VAPOUR IN THE AIR 

mie Detection vai Meuurement of). Bv Frank Clowb, D.Sh, Land,. 
F.l.C, Prof, of Cbeniiury in the Univmily Calleie, Nottinthui. With > 

Ch»p«r Ml Tk« DBTKTIOM and MtASlIllBMBdT OF PiTBOLIUlI VAfOUIl 

SBoTEBTOH Rbdwood, F.R.S.K, Coonlling Adviierto Ihe CorpiniioB 
Lcodon Duds the Petn^ium Acu. Crown Bvo, doth. ffil S(0 



, .. .» Diuributioi 

ScAms; AfliklyMt of etch Vuiely.; and n HiKorr of the Rise end PTDtmaof 

" " — •■ - ■ ■ £l 8* 



By RlCHAlm Ml 

ASBE5T0S AND A5BE5TIC. 



r H. loHD, 1 
tkt, Cuidi. 



GRANITES AND OUR QRANITE INDUSTRIES. 

By GioacB F. HABin, F.G.S., Membn de 1a SadHt Belie de GMope, 
LKtuis on EcoDomic Geolosy u Ihe Biikbeck Ipsiintiaa, be Wiih lirnt. 

tnlieu. Oown Ito, clcKb 9/6 

■A deMtyil ■■■ iiilimiiA«iiMlfai|imiiiminiil iiifcimMiiii tolhi |i— >■ Mimi)^ 

TRAVERSE TABLES. 

For lue in Ulne Surreyini. By W. Lhtibm, UiniBi EnEbeer. Ctawn 
In, idolh. IJutl P&itlitJ. StI 8/0 
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ELECTRICITY, EL&:TStCAL BSGIHSBRING, **. aj 

ELECTRICITY, ELECTRICAL 
ENGINEERING, &c. 

SUBMARINE TELEGRAPHS. 

Thai Hinory, Conumction, uid Wari(ir«. Founded b pan od WUmscheh- 
doift's " Tiailt Ac Ttltgrtphle Sout-MniiiK," and Comnlnj from Authorila- 
tin ud Kiciiuive Sourcu. By Chabus Biight, F.R.S.E. Royal Ivo, 
tSopp-i (i^lr lUoitrual. indudiDgUaisuKl Folding Plus. !M A3 St, 



DYNAMO ELECTRIC MACHINERY: Its CONSTRUC 

TION, DESIQN. and OPERATION. 

By Sakuei. Skbldoh, A.M., Ph.D., Pioreior of Fbysici and Elrctrigil 
EngincninE si lbs Polylechnic tnslitule of Biooklyn, misted by HoBAitr 

Imlvc vo^HMti, sold itfiatattlyr ai /OUcvri: — 
Vol.l.—DIRECTCURRENT MACHINES. Tbird I':diiion, Revised. Lwla 
cro»n Svo. 3S0 papit *itb ko llliutnticns. 

\jiui PtaixMitii. Nil 12/0 

VoLII.—ALTERNATlNGCURRENTHACHINES. Lain cnwn Gvo. 16a 
piga, with iSf IMiKnalioni. \Jnit Ptaialud. JM laiO 

THE ELECTRICAL ENQINEBR'S POCKET-BOOK. 

CouiRing of Modem RiUo, FonnulK, Tablet, uid Dun. By H. R. Kbhpk, 
UAnn-KE., A.M.]ni(.C.E., Tccfaaica] Officer PanaJ Telesnphi, Auihiiral 

—'^--' if Eleecriad TeKinf," &c Second Edition, Revi^ m" 

. !".,_. — . — - Royal ^amOi oblons, leUhei fl 



ELECTRIC LIGHT PITTING. 

A Handbooit foi WarkiDg Electrical Enpneeti, embodiilnl Practicid Nolei 

InnaJlaiioii M ....iwiT— „ ™:.i ... ... 

Third Ediiii 



inallalion Managenient ByJ.W.UlQUHA 



trHMimiolgnana,uAm^hbttJm & «*4ud ID tb« bum Mtbort Mi rf ul wort on 'ESa 

ELECTRIC LIGHT. 

Its Prodnclion And Use, Eoibodyiuf Plain Dbecdoni for the TieUmcn 
Dynaino-Electnc MachiDei, Baitentc, Accumuluofi, and Electric Lu 
By J. W. UaQUHAiiT, C.E. Siitb Bdiuon, RcTuad, with Addiuou and 
Illnsnuions. Ciown 8«i, doih. [Jial PiMitlwI. ' 



DYNAMO CONSTRUCTION. 

A PractkaJ Handbook Tor Che Use of Engineer-Coimnicurt and Electridau. 

Windini and GroDpini. Omponndinj, &c. By J. W. LHiQaKAiT. Second 

Edition, Enlaried. (>awn Ivo, cknh 7/B 

"Uf. Unmbuf I book li Ibe in ■■..-■.- 
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34 CROSBY LOCKWQOD S- SONS CATAZ/>GOB. 

ELECTRICAL AND MAQNETIC CALCULATIONS. 

Far the Use of EltciricBl En^cEH an) AnL'ani, TtBchen, Sludenli. uidall 
Mheri im created in the Thiury t nd Appliotio.i of Ele<:tricitf and Magneiion. 
By A. A. Atkinson. Profesvor of Elttiritiiy in Ohio Urfirisi y. Crown gvo, 



Demy en, cigih. \Jiul FailUkid. Nil 7/6 

THE MANAGEMENT OF DYNAMOS. 

A Hwidy Book of Tbmr lad Pnctkn for iba Uk o( Mectunica, Enfinem, 
SiDdeBU, ud oohen la Charie oT Dyunot. By G. W. Lumuis-Patiiisoii. 
Second Edition, IbotoacblyRerisad and Ealnreed. Crovn 8vo, clolh. 4/fl 



, Ph.D. 

ELECTRIC SHIP-LIOHTINQ. 

A Handbook on the PncdcaJ Fitiina and RunniDg al Shies' Elecnica] Plant. 
Foi ibe Uie of Shipowner! and BmJden. Marine Eltciriciani. and Scagoinc 
F,nginwri-in.Chaige. Bf J. W. UaQUHAaT, GE. Second Edition, Keviid 
anifKalended. JT* pp., wilb BS lUunnuii™, Crown 8m, clolh . . 7/8 



ELECTRIC LIQHT FOR COUNTRY HOUSES. 

A Practical Handbooli on Ibe Erection and Running of Small Initajliuioai, 
with PariicDlan oF Ibe Coat of Plant and WorkinE. By T. H. Knight. 
Third EdiEion, Reriied. Crown Bto, wrappor. (/mil PuiUalud. IfO 

ELECTRIC LIGHTINQ (ELEMENTARY PRINCIPLES OP). 

ByALAHA. CAKPULi.SwiNTOH,M.;n<a.C.E., H.Init.E.E. Peotdi Edition, 
Rtviaed. With i6 lUasuuiaua. Crown Sto, doth. [/uil I'miliiknl. 1/8 

DYNAMIC ELECTRICITY AND MAGNETISM. 

By Philif Atkihsoh, A.H., Ph.D., Aulbor of " Elamcnla of StMk 

Eledtidly," &C. Crown «*o, 41; pp., wilb iiii Illumliaiu^ cloth , 1CV6 

POWER TRANSMITTED BY ELECTRICITY 

And applied by Ibe Electric Motor, including Electiic Railway ConBmctiaa. 
By P. Atkihsoh. A.m.. Ph.D. Thiid E^Iiion, Fully Revised, and New 
Matter added. With m ■Huwruiona. Crown Sio, doth . JVrt SiO 

HOW TO MAKE A DYNAMO. 

A Practical Tieatiie lot Amaieun. Coataininc nunKrooi lUumticai ud 
Detailed Inatnictiooi for Conttruding a Small Dynamo to Piodoce the 
Blectiic Ligbl. By Altud Caorrt. Sith Edition. Reviied and Enlarged. 
Crown tro, cloth. IJhU fVitfjIwd. 2(0 

THE STUDENT'S TEXT-BOOK OF ELECTRICITY. 



0. F.R.S. Cheaptr Edition. 6sopp.. with 470 Illuoiitioaa. 
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ARCHITECTVRB, BOtLDtNG, *t. 

ARCHITECTURE, BUILDING, Ac. 



PRACTICAL BUILDINQ CONSTRUCTION. 

A Hindbofdi for Student) Pie|aTin| for Euminuians, mid ■ Book of 
Refanoca lot Fenou Ennsed id Building;. By Johh FmtJELL A1.UIH, 
Suncyv, Lectursr on BuilSng Coostruaum u &t Duibnin College of 
Scieoct, Newcutle-OB-Tyne. Third Edii^on. Reviied ud EoliirEed. 
.._i!. — ..._ -'-'- - -» IllniuiLuoiu. dotlL IJml Publialuil. 7/8 



Medium ftvoi 490 PF 




PRACTICAL MA50NRV. 

A Guide 10 llie Ajt nf Stone Cutting. Coupriilnf the Comtrncdoa, Setlioc 
Out, did Working of Suin, Circular Work, Arctaa. Nichei, Domei, Peoden- 
lim, V«ull>, Trnceiy Window*, ftc, &c For the Vtc of Slodmis, Muonl, 
■nd otbei Workmen. By Wtlltak R. Puhikasb. Bnilding Inspector to the 
Borough of Hove. Third Edition, with Glo««ry of Tenni. Roymf Bto, u" PP-, 

doch. l/Kil Puiliilud. 7;e 

UUc bKpoAwi tubiveii wbMber (beomJoOy ar pnctli:«%, HOfl of tke uimplH fft-ea in Croa 
■ctiuJ wQvk CBnlad ont^tbe dlunipi brimg tuvAiI^ ikran Tbe inx/K it ■ pncOcftJ ErtBlha oa 

thoHMwlxm M ft WfH^lOl iddri mi ,'— J mi r m a i ^Hu Himl AuMBW ^MrtHik AnMua. 

MODERN PLUMBING, aTEAM AND HOT WATER 

HEATINQ. 

A New Practical Work for the Plumber, the Heeling Engineer, tbe Arehileqt, 
end the Builder. By J. J. l^WLSR, Aulhoi of" American Sanituy Plumbinc,^ 
&c. WilhiBt llluitruians and Folding PlHu. 4I0, doth. 

U^lPMukid. Ntl 21;- 

HEATINQ BY HOT WATER. 



Vith Inloniutian «ld SuueetionB on the beat Methodi of HeUing PahBc, 
Privue uid Horticulture ^uildingL By Waltsi Jons. S^^vid EditiofL 
Vicfa 96 lllnuruioiu, ciDim Svo, clolh Utt 2/0 



CONCRETE: IT5 NATURE AND U5E5. 

A Book for Arcbhou, Buildert, Conlraaan, and Clei 
GioHGB L, SuTCLim, A.R.t.B.A. 3JD pp., with nor 



LOCKWOOD'S BUILDER'S PRICE BOOK (or 190a. 

A CompiehenHve Kuidbook of the Latest Price* end Data for Bnilden, 
Aictiitecu, Engineer!, and Conlncton. Re-constructed, Re-wri»en, end 
Greatly Enlarged. By Fiahcis T. W. Millu. )oo doHly-ivinled 
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CROSBT ZjOCKWOOD «• SOU'S CATALOGUE. 



A TniMiisc on Appliid Mechuiics, eipedallv Adaptfd to the Ui* of AicbilKU. 
By E. W. TAH^. M.A. Aullioi of ^Tbc Sdemx of Bmlding," Ac. SccDDd 
Edition, EnlirgciJ. ILluHislal with ii] Diagruu. Cnwn Svd, doth 7/e 

A HANDY BOOK OP VILLA ARCHITECTURE. 

BcinE ■ Scriei at Dcsitni for VUlx Kcudenm in nrioiu Stylo. With 
OulIiDS SpedAcatioiu ind Estimua. ByCWicEB, AicliilKI. 6i Pluei. 
4ii>> hHjf-monHXD, gilt Bdffvi , ...... £1 11k 6d. 

tter wH pHHF* nry nlBibk uid KicBiBd**."— aHLtf^v ^rv. 

THE ARCHITECTS QUIDE. 

Ten-bo^ of Uidul InfcxnutLoa for An^tecu, Engincen, Surwyan, 
~ " ~ wmcK KocEiu, Aithfteeu 



Contncign, Cislu oT WorlcL &c, &i 
Thiid EdilioB. Ciown Btd, club 



ARCHITECTURAL PERSPECTIVE. 

HouH in Linear PerspKtin. lilustiiial by 43 Foldiiig PIuh. By R^ 
FiKCUSOH. Second edition, Enluitd. Gvo, boards .... 3^6 

PRACTICAL RULES ON DRAWING. 

PvNiL T4 Plu«, tto, bovdi . 7f6 

MEASURING AND VALUING ARTIFICER'S WORK 

niia Studeat'i Gnide to the Pructia oO- ConiuninE Dit«tioni for lildnE 

Tiblci of Cocutanu fcn^aluUion of Libouc, and (or the Cilcuialioii of 'kntt 
and Soliditiet. Orunn>ilT odited by E. Dobsoh, Ardiitect. With Additions 
by E. W. Tun, R.A. Sevcnifa Ediiion, Reviled. With a Pluei uid 
6% Woodcnu. Ciown «m, cloth. W-l PiMuluJ. 7JS 

TECHNICAL GUIDE, MEASURER. AND ESTIMATOR. 

Fa BuiJdeii utd SoxveyDn. Couuiiuiig Technical Directlotu for Hnnrinc 



. H Build! 



coJlectiveLy. 

giit«ic« 



ujldtne Trade*, CompJete Spedficatiooi for Hotuca, Roeda, 
an Eaiy Uetbod of Estimatinc tbc narti of a Bniidinc 
A. C BuTot(. Ninth Editiw. Waialoaat-packa na. 



SPECIFICATIONS FOR PRACTICAL ARCHITECTURE. 

A Guide to the Architect, Encinea, SurTeyor, and Bniider. Witb an Eiiay 
DB Ibe Structure and Science of Modem Baildinn. Upcn the Bau of the 

WoikbyAL«IQ Bahtholomiw, IhoriMghly Reinied,CcaT' --' " ' "- 

Hided to by Fuduich Rocau. Archiieci. Third Editia 



d, Corected, and ETcally 



THE HOUSE-OWNER'S ESTIMATOR. 

r.^Wluu will it CcK to Build, Alio, or RepaiiT A Price Boi^l fc 



prc fr aiH Ti ai People u well ai the AMiitectiiral Surveycr atjc 

J. D. SiKOH. Edited by ¥. T. W. Milim, A.R.I.B.A, 

Carefiilly Reviled. Crown In, cloth. [/•»' JWinl 
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SANITATION AND WATER SOPPL7. 



SANITATION AND WATER SUPPLY. 



THE BACTERIAL PURIFICATION OF ^BWAQE: 

riops Modem Biolojical Mt 

'ISR, M.D. (LdikI), D.P.H. (Comb.), 

- '" » — ' Svo, clolh. 

Jiittii. Ntl e/o 



Heine n Praciicnl Account of tht Various Modem Biolojical Mtlhods m 
PuTifyinir Sewage, By Sidney Barwisr, M.D. (Loml), D.P." '" ■ ' 
elc. With ID Page PluoBnili Folding Dingianu. Roynl Svo. 



THE PURIFICATION OF SEWAQE. 



their Pnciic^ AppJiouioD. By SiDHET Baiwisi, M.D. (Loud.), M.R.C,S., 
D.P.H. (Cunb.), Fellow of the Smiley IimiimeMediol Officer of Heelth 
u> the Deibytfaiie County Council. Ciowu avo, clotli, [/urt PuiliilUd. 810 



1 ill Wuer Supply. By S. RiDBAL, D.Sc. Lend., F.I.C. Second 
Kdilion, Revised, with Addiliooi, including nunerous llluitrationi uid TAblea. 
Luge Crown gvo, clolh, [j<u« Pablishid. Nil S/0 

RURAL WATER SUPPLY. 

A FncticAl Handbook on the Supply of Water ud Conitnction oT Wmer- 
world for Soull Couuiry Diiuicu. By Allah GinHOiLL, A.M.I.C.E., 
uidW. T. Cunav, A.M.I.CK Revised Edition. Crown Bvo, dub 6(0 

THE WATER SUPPLY OF CITIES AND TOWNS. 

By William Muubu, A.M. Inst. C.E., and M.lnsl. M.E. Imp. ao, biH- 
bouDd morocco. (See page it.) StI tA ^%. 

THE WATER SUPPLY OF TOWNS AND THE CON- 
STRUCTION OF WATBR.WORItS. 

By PnonssoK W. K. Burton, A.M. Init. C.E. Second Edilioa, Revised 

and Extended. Royal gvo, clolh. (See page i a.) .... 2SI0 

WATER ENQINBERINQ. 

A PiacticHJ Trealiae tm the Measurement, Storage, CoaveyuKe, mid Utilisa- 
lionofWaierfortheSupplyotTowM. By C. Slam, A.M. insl.CK. 7/6 

SANITARY WORK IN SMALL TOWNS AND VILLAGES. 

By Charles Slacq, A. M. Inst. CK. Crown Ivo, clolh . . SfO 

SANITARY ARRANGEMENT OP DWELLING -HO USES. 

By A. J.WALU5-TAyL««,A.M.In«.CK. Crown Bvo, doUi . 2/8 

MODERN PLUMBING, HOT WATER HEATING, &c. 

!t, Ihe Aichitedj 

„_ , idFoldUig Plates. ~4t£^"clotii. 

[ywr/W:i»**^(s*ep«geas). Ntl 21/- 

PLUMBING. 

A Ten-book to the Pnctia of the An o< Craft of the Fhunbei. By W. P. 
BucHAH, R.P. Nintb Edition, Enlarged. Crown Svo, doth . 3/6 

VENTILATION. 

A Tein.boak to tbe Pracdc* of Ibe An of Ventnadag Buildings. By W. P. 
BucHAH, R.P. Crown Svo, doth 8/S 

THE HEALTH OFFICER'S POCKET-BOOK. 

A Guide to Sanitary Practice and Law. For Uedical Ottcen of Health, 
Sanitmy lupeclon. Members of Saoilaiy Antboritiea, &c. By EnwAiD 
P. WiLLOUCHBV, M.D. (Lend.), &c Second Edition, Reviled uid Enlatgfd 
Fop. BvD, leMber. \J,^I t^iUlui. N.I 10/8 
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CROSBY LOCKWOOD «• ^}irs CATALOGOB. 

CARPENTRY, TIMBER. &c. 



THE ELEMENTARY PRINCIPLES OF CARPENTRY. 

ATreuJR on the Prcsmn ud equilihriaincif^inbei r'nmlngjlhe ReHMancc 
ot Timber, and Ebe ConjtxucUDa of Flocai, Ar^ea, BiidoH, Roofs, Uoiluif 
ItoD and Sloh with Timbei. &c To which a udded u Eiav on the Nuun 
vid Propeniei of Timber, Ac, vitb DatriptiooB of the Iriac^ of Wood med 
in BaildinE : alu numeoui Tablet of Iht Soatlinn of Timber tm differeni 
piirp09a,tbeSpedGcGravitieiafMuerials,&c BfTHOHAS TrEooold, CE, 
Wiui mn Appeiidir of SpecimefU of Varioui Roofl of Iron and Stone, lUni. 
trued. Seveoth Edjlion, thoroochly Keviied ukd coiuiderabhr Enlarged by 
n. WvHDHAii Task, M.A., Author of "The Sdence of BnildiDi,'' *>-_ 
II Plalo, Pottnit of [be Aathor, and Hveral WaadcDtL In One 1 



WOODWORKING MACHINERY. 

I[> RiK, Pmcr^ and Coaaiuclioo. Wilb HinU on [be Hanasement ofSaw 
Milli and tbe Ecanomiciil Convenion of Timber, ll1iuDa[ed intb Examplei 
of Kooent Deeisis bj leading EneHib, French, and Ameriaui KniiiKen. By 
M. Pon[i Balm, A.M.Iiitt.CE., H.I. M.S. Second Edition, Reiw^ 
wi[h largo AdditioDi, lnv« cnvn Ivo, 440 pp., cEotb .... 9fO 
" Mi. B^ U nMaalb aa upM oi S'I^^^lVI'' ** ~ ' 

SAW MILLS. 

Tbeb Amngement nod ManagemcDt, and tbe Ecotufaical Ccovenioji of 
Tiniber. By U. Pons Bau, A.M.lnai.CK. S«snd Edition, Reviied. 
Crown a™, doth. IJuit fiaiulud. 10/8 






THE CARPENTER'S OUIDE. 

Or, Book of linei fat Caip«D[en 



rLedge of Carpentry. FonDded on tbe late PlTEB 
AVew EdilioD, ReriiedbyAKTHtJii/ 



NicKO[dr>N'i s[aDdard irork. j_ _ _ ._._ , . 

F.S.A. Together wilb Prsdical Rule* 00 Dtawisi, by Qeobck Pns. 
Wi[b 74 Flaui, 1(0, cloth .... ... d la. 

A PRACTICAL TREATISE ON HANDRAILINQ. 

Showing New and Simple Metbodi for FindingthePitcb of the Flank, Drmwmg 
tbe Mnuldl, BeTElling, Jointini-upj and Sqaarini [be Wrea[h. By GlOKGl 
CoLUNCs. Second £dL[ioa, Xevued and Kmargedj to whidi ii added 
A TUATISS ON STAin-auiIJIIHa. Wi[b Pla[eiaiid Diagmnu . . 2/6 

■■WiabefHmdorpncOulutUitrtnlbi 

" AlmoA •nrr diOcuh pkua at Oita 

CIRCULAR WORK IN CARPENTRY AND JOINERY. 

A Pnoical Treatiie on Circular Work of Sio^e ud Double Cutvatun. By 
GmtaoL CotUHct. With Diagranu. Third Bditkn, imo, dotb . 2/6 

THE CABINET-MAKER'S QUIDE TO THE ENTIRE 

CONSTRUCTION OP CABINBT WORK. 
By Rkhard BiTHBAD. lUusuued wilb Plans, Seaiou aai Workbe 
lAawiiigi. CtowB Bvo, dotb. ijml PuUiiiud, 2/B 
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CARPBSTRY. TIUBBS. *<. 



HANDRAILINO COMPLETE IN EIQHT LESSONS. 

Ob tba Sqtun-Cnl SntoiL By J. S. Goldthdu, Hitd of Bni 
DqartMHnl, HdUu Tachiiicii] School. With Eighl ttum tad vn 



TIMBER MERCHANT'S and BUILDER'S COMPANION. 

Coouining New ud Copiou Tublei of the Reduced Weight ind Meuun- 
DtDI of Deali wut Buimi, of all liiei, frani One to ■ Thouwod Pitca, end 
the reLuive Price thu each liie beaji ber linee] Foot to may siven Price per 
Petenhurgk Suodird HnDdnd : the Price pec Cnbe Foot of Squue TLmliei 
to HIT riven Price per Loed of 50 Feet, Ac., ftc Bv Williah Dowsmo. 
FoDiUiIUiliDD, Revued and Correcled. Ciowu Svo, cloth . . 3(0 

THE PRACTICAL TIMBER MERCHANT. 

A Guide for the Use of Bailding Cootnclon, Stirveyon, BoUdeii, Ac., 
cconpriiiiiE uieful Teblei for all puiposei connected with the Timber Trade, 
Hai^ofWood, Eiuy on the Strength of Timbs, Renuikion the Growifa of 
Timber. Ac. By W. RiCHAaosOH. Becood Ediiicm. Fcap. «TO, cloth . 8f6 

PACKINa-CASE TABLES. 

Showing the number of Super^cial Feet 
ipchee square and upwardi. By W. Rl 
Edition, Oblong 4to. clolh 



QUIDE TO SUPERFICIAL MEASUREMENT. 

Tablet calcnlaied from t id ido incbai in length by i to io9 inchei in hnadlh. 
P« Ibe aie of Architects, SnTreywa, Engineeia, Timber Mercbanti, 
BniUen, Ac By Jaum Hawkthoi. Fifth Edition. Fcap., cloth. 8/6 



Knatea. By Ckaklis E. CmiTU, 
Enginaeiing, and General R«u* 

, ... .. ... illuic, Downlon. Second Edilkie. 

ReviKd. Crown Sto, clotb. [Juil PiMuluii. 8fe 



, 1 of Fo 

HaDi^cment, at the College of Agric 



THE ELEMENTS OF FORESTRY. 

Denned to afford tnformalioa cooccmiiiH the PUnling and Care of ForCA 
Treei lor Omuaenl or Profit, with nggestioni upon the Cteuioo mm! Can of 
Woodlandi. By F. B. Houch. Large trown Svo, cloth . . . 1O/0 

THE TIMBER IMPORTER'S, TIMBER MERCHANT'S, 

AND BUILDBR'S STANDARD QUIDS. 

B* Rioum E. Gkahet. CompriiiiiE :— Ad Analnli of Deal Staadardt, 
HDme and ForeigD, with Ccupaiative Valaei and Tabular Anasgementi for 
fixing Net Landed Coal 00 Baliic and North American Deali, indoding all 
InteroKdiaia Kapeiuta, Freight, Inatirance, Ac ; together witboDpioBi Infinia. 
.i_._.v. D — -■>— nod BiuJdar. ■j^'-' <"■-'■— -'— >- "a"* 



B fiv the Ratnikff nod BuSdar. Th^^Kdicioo. itno, doth 
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30 CROSBY LOCKWOOD A- SON'S CATALOGUE. 
DECORATIVE ARTS, ftc 



3CHOOL OP PAINTING FOR THE IMITATION OP 

WOODS AND MARBLES. 
A< Tughl and Pnctiied by A. R. Vah dki Bhig and P. Vah diii Bum, 

"■ - '-'■e RoltenJam Puiniing Inffliintion. Royal folio, iB|br iiiiiiT 

■• -4 fuU-iin! Coloorod PI -'~ '--- "' — 




ELBMENTARV DECORATION. 

AGiudctotbeSimplsFDtmiirf'BTCiTdarAn. Togetlw with PRACTICAL 

HOUSE DECORATION. By Jahm W. Faov. With nameiaiu lllw 
mtioni. In Ons Vol., snonglr haU'-boniid SfO 

H0U5E PAINTINQ, QRAININQ, MARBLINQ, AND 

SIQK WRITINQ. 

A PnuiciU Mannid of. By Eli.i9 A. Davidson. Eighth Editioa. With 
Colonnd Pluei ind Wood EngrBviDiL imu), doth boudi . . BIO 



THE DECORATOR'3 ASSISTANT. 

A Uodcin Guide for Dnnnlim Artiiti and 
Gilden, &c. Coniaining upwards of foa Reo 
rielyoflc ■—'-'- ""-1 



31 DECOiuions, &c Sevcnifa Edition, ijapf) 



MARBLE DECORATION 

And the Tenninolon of Bridih and Fofe^ Harblc*. J 

StudcBU. ByGr " " *—'■ "i=i— ■-- 

ttoarac With 
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DECORATIVE ARTS, &<. 31 

DELAMOTTE'8 WORKS ON ALPHABETS AND 
ILLUMINATION. 

ORNAMENTAL ALPHABETS, ANCIENT & MEDI.eVAL. 

B the Btglilh Ccolnrr, with Nmucnli; inclnduii Gothic, Cborcb-Tol, 
. — ■ II r. i..i;._ AiiKKiQ*, ImliiJi foi IlhiniDuipii, 



Uomwrami, CrouOj ftc-, ftc, for the uk of AichitectuTKl ud EngiDBBnng 
Dr*nsbtunBn> Muul pAuitera, Muooj, Decotuin PuataL Lithocrkphen, 
Kofnven, Cuveis, ftc, ftc Collected uid £D[nv«d by F, DflLAKOTTE. awl 
pnnud in Cgloim, Mew ud Cheaper Edition. RofiJ aTO, oblors, 
ofluueoul burdi ^ . . . 3/Q 

MODERN ALPHABETS, PLAIN AND ORNAMENTAU 

Including Ccraun, Old Snsliih, Suto, Italic, Pnniccdn, Ondt, Hebnw, 
CooR tund, EiwioBinE, Tuicu, RibtiDd, Gothic, Runic, and Anbeujue ; 
with Kwnl Oi^il Daifiu, ud u Aulyili of ibe Ramu and Old anglUh 
Alphabeo, Laff« and smalL and Numefali, for tbe u>e oS Diaughtamca. 
Smvann, Uaion, Decmtm Palnicn, LilM(npfaen, EnEravm, Camn, 
ftc. Coilecud and Enciaved by F. Du-ahottb, and prioted ia Coloun. 
New and Chuper £didoc Rorai Ito, obtonc omamsital bo«rdi 2/8 

MEDIEVAL ALPHABETS AND INITIALS FOR 

ILLUMINATORS. 

By F, G. DiuMOTTE, ContainioE ai Plaiea and lUnminatad TlUa, nmnd 
in Gold and Coloan. With an IntrDdncdon by J. WiLLU BloOIU. Fouith 
and Chesps EdilioD. Small tto, otnaiiMnlal boai-da .... 4JO 



A PRIMER OP THE ART OP ILLUMINATION. 

For the Uk of Beginnen: with a Rodimentary Treatiae on the Art, PractitAl 
DiiKcions (01 iu EieroK. and Emnpla taken from Illiuninated US5., 
printed in Gold and Coloui. By Y. Dit^uaorro. Mew and Cbeapv 
Edition. Small fto, ocnamenlal boaidl S'O 

THE EMBROIDERER'S BOOK OP DESION. 

CoataininE InitiaU, Emblema, Cyphera, Monograou, Ornamental Bordqa, 
Bccleiiaaiical Behcet, MediEnT and Uodern Alphaheli, and NaUDDal 
Emblema. Collected by F. DBiAMOTn, and prinlad n Colonra. Obloa| 



INSTRUCTIONS IN WOOD-CARVING FOR AMATEURS. 

With Hinu oi Deugn. By A Ladt. Witb 10 PlaieL New and CWpo' 
Edition. Crown Bra, in emblematic wnpps 3/0 



PAINTINQ POPULARLY EXPLAINED. 

By Thouu Jomh GuLLtCK, Painter, and JoHH TllfM, F.S.A. Incladinf 
Froflco, Oil, Hoaaic, Waiei .Colour, Wato.GLati, Tempeia, Kn ca aa ti c, 
Miniature, PainlinE oc Ivcry, Vellnm, Foueiy, Enamel, Glad, &c Fifth 

Edaiion. Onwn tM, cloth B(0 

*.• AOotUd « a Ptim BaoH at South iCmriiicMii. 
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CROSBY LOCKWOOD S- SON'S CATALOGUE. 
NATURAL SCIENCE, ftc. 



THE VISIBLE UNIVERSE. 

Ouptcn CO tt» OriEtn tad Ca 
F.R.A.5., Aalhor of^'Sur Groo] 
■od II puts. DeiBT Btb, doih 



Oupm on tt» OrinB ud Cmttnctlaa of tbe HtsKitt. B7 J. E. Gou, 
F.R.A.5., AaItiorof^'SuirGniapi,''&c lUnHnud by 6 Sicllu Pbotocnphl 



STAR GROUPS. 

A Smdenl'i Guide !□ lbs Caiulelliitiacu. By J. Elurd Gou, F,R.A.S., 

M.R.I.A., Ac, AalhiH of "The ViuhlF Unlvene," "The ScasT of tba 
Hnveu,'' &c. WithjoMlpt. SauJl flo. cloth SfO 

to nodcfl objectt of ipflcUJ bflvmi. Fn Uia paipov a( ■ pnlMiuiT vimyot Iba 'mlddlfS 
poiap ' cpf tlM beavefu b«bliic coobl ba batfthap * ■eto*rfa>tawt*owaTw»j<y icMg tyfwitT 

AN ASTRONOMICAL QLOSSARY. 

Or, Dicikouy of Tsmi lucd in AimiDoiny. With Tibia al Dua uid LiK) 
of Remukable ud lnur«iiDE CiltKl*] Objects. By J. KL1.UD Gou, 
F.R.A.S., ABIb«ar"The Viiib1eUiiivene,"lic, Snull cniin Svo, dolh. 






THE MICROSCOPE. 

ItlConmiiclioauid Huufemtnt InchidjQE Tcchmquc, Phau>-iiua«nkphsr, 
ud Ikic Pu Mod Futon of the Mknucopt, By Dr. Hunii VAH Hivncic. 
Rc-Bdilad ud Angmenied from tbe Fonitb Frucb EdiClai, ud TmuUHd 



by WvHHK E. BAXtu, F.G.S. 400 pp., with npimdi o^ tjo Woodco^ 



ASTRONOMY, 

Bvibc lue Rer. Ronrr Uaih, M.A., F.R.S. TUrd Edition, KerlKd bj 
WuxiAH TmrtlMB Ln™, B.A., F.R,A.S., famerly of [ha RnymJ ObMITMorT, 



A MANUAL OP THE MOLLUSCA. 

A TnUiae on Recent aad Fouil Shells. By S. p. WOODVUD, A.L.S., 
F.G.S, With *s Appeodii 00 IUc««t and Fossil Cohchdlocic*!. 
Dtscovxuss, in Ralth Tatx, A.L.S., F.G.S. With 13 PlUes Bid 
umrdi of 30D WoodcuB. Repnnt of Foonh Sdiiioa (iBBo). Crown iva. 






THE TWIN RECORDS OP CREATION. 

nd Geneiis, tb 



. GcoloET mod GsHiis, thdi Petfcct HarmoBy ud Woodeifal CobcoKL 
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NATURAL SCIBNCE. «<. 33 

HANDBOOK OP MECHANICS. 

By Dc. LAHMd*. Gnluiad uid n^ritun by Bihjauih Loewt, P.R.A.S. 
3l8 lUauiMiaiu. PoM too, clotfa S/0 

ban bHi npUud^Sr «li«i of Bm tnodnil duncw. ifi (ipUWIou Uim iihiMl n 
UdkuilT popalH. ud can Ui bnn ukm ta iboit Uig apiiUaiaoa oT iH mkiia toKha or 
plirMct u tha taibmUI am. ud u Uw [nctlul bmlMM of Us. '— JfiWiv Tmm/. 

HANDBOOK OP HYDROSTATICS AND PNEUMATICS. 

ByDt. Laieheil New Edilioo, Rcvued udEnUrgn] by Benjamih Lonrr. 

F.R.A.S. Witb ijfi IlLuMTUHiu. Pou Bvo, dub .... S/O 

HANDBOOK OP HEAT. 

By Dr. Lahdhek. EdilaluilR-wrilteBby BixjAHiKLomrr, F.R.A.S.,ftc 



HANDBOOK OP OPTICS. 

Dr. IrfKDKBii. NswEdid , .. , 

ih 198 lUiumdoiu. SdimJI flvo, 44B pp., dcxh 



BtDt. LaiDiiBii. Naw EcUdoD. EdiledbyT. Olvu HAitDi)R:,B.A.LdBd. 
Wilh.,--" " 



ELECTRICITY, MAQNETISM, AND ACOUSTICS. 

T Dr. Lahdhu. Edited by Ghi. Cauv Fdstu, B.A.. F.CS. With 

Smill Bio, cfotb BIO 



HANDBOOK OP ASTRONOMY. 

fiy t>T. Lauimkl Fonnb Editian. Re^iwd wid Editnl by BrnnH DoHKIl 
F.R.A.S., Ron] Obiemuiy. Greenwicb. Wilh iS PUita ud upmidi 
laaWoodcBU. In, (dotb g/l 



diied In Dr. Lardhh. Wilb d| 



MUSEUM OP SCIENCE AND ART. 

r. Lardher. Wilh apwkrde of i.x. „ ^ 

Volumes, £1 1 ». in K new i»d ekguil cloth bi 



• _ei 11.. Sb. 

Si^Fotf boala /amud fm 
C» w IG Thlnxs Bi|ilalBad. 5). I Staaai aoJ Ha Uaoa. u. do 
Tk* MIcr^Mop*. w. dotli. I Popalar Aatroaoan. «>. &i 

Pondu' OHlofy. u.6i(.doth. Tha Bm uut Whila AnU. > 

Papalu- Pbyalo. at. id. doth. | TIm eiwtrtc Triacnpfe. 11 

NATURAL PHILOSOPHY POR SCHOOLS. 

By Di. I.AIDHI. Fcsp. Sto 

ANIMAL PHYSIOLOaV POR SCHOOLS. 

By Dr. Laudku. Fop. tvo 

THE ELECTRIC TELEGRAPH. 

By Di. iLAUHin. Revued bjr E. B. Biicht, F.R.A.S. Foil. tn. . 
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54 CROSBY LOCKfPOOD * SONS CATALOGUE. 

CHEMICAL MANUFACTURES, 
CHEMISTRY, 4c. 

THE QAS ENGINEER'S POCKET-BOOK. 

CDmprisJDE Tiibk*, Notes uid Hcnunnda KLmtJag to the Muinfactnrft, 
IHitribuiioD ud Uk of Coil Gu <u>d the Corutniction of G» Wmlti. Bt 
H. O'CoHHtM, A.M.Ilut.C.E. Second EditLoR, »eviH9l. 470 pp. , troini Sto, 
folly lIlDstiued, louher. IJiul PwilatiJ. 10W 

^jC luefuTnit of nftfVlKt fbf Ike OH epclBHViBd ■!! bMnllsd I& Halitfai 
M. wUatlMHWljieeeof thenldeeldeea1|ttl«naf ciewlft beef lekM tettie ttc 



At quaottw of tped^iMt Infonuiioa. tvapOai. m bdkrt. frcA 
mike Er ol coiuIflmUe nJua to Vtam Iv whoB It W ipedAcanr 




LiaHTINQ BY ACETYLENE 

Ccnmlon, Bumen, end Electric Fommcei, Bv WiLLUM E. GiBal, U.K. 
With U lllustntiau. Ctown Bvo, cloth. [.Imit Fi^luktd. tIB 

ENQINBERINQ CHEMISTRY. 

A Pnctiial Tieuue fn the Uk of Atillylial ChemiiD, EniiiiEn, Iidd 
MuteTL Ijon FfliDdeti, Sludenu And olhen. CoraptisiD^Hethodiof AaiityBU 

Aliilviet, Enmplu'ud Suaseiiiaai. By H. f. PiinjjK.'^f'.I.c!^ kcS. 
Third Edition, Reviied and KaUrgni. Crown Byo, 410 pp., wiih Pl»i« and 
other lUuiUUiaiii, doth. IJusI PtMUIad. jVf/ 10'6 



NITRO-EXPLOSIVES. 

of Nitnted Subsuuicet, indudine the Fulmi^o, SoukelaTpovden, ■ 
Cellul<ud. By P. G. SAnpoim, F. I.C, CoonltiiiK Chaoiu to the Colloti Powtm 
Compuy, &<:. With llluatiiiiioni. Cnim Sfo, cleth. [/wf /NiWiAut. Q/Q 

r^fK 



A HANDBOOK ON MODERN EXPLOSIYES. 

A Pnctical TiatiH on the Muufactare end Uie of Drnamii^ Gnn-CoMOB, 
Nilro-GlymiiR ud other Ex|do«T( Compoondi, inclndinf CoHodion-Cotloo. 
With Ch^iten on Eaploavei in Praednl ApplkulOB. Bv M. ElsSLSK, 
Mining Enginair ud Metdlnr^cil Oiiiiuit. SecoDd Edition, Enluied. 
With ijo lli£«ltuiaoL Crswn BvD, doth. Quit PiOHsXii. 19/0 



DANOEROUA 00005. 

Their Source* and Propeniia, Hoda of Stonce and Tmiupat. With Notei 
■nd Commoatl oa AcElddlti Ariuns thaefrofo, tOOether laitL tbe Government 
uid Railviy Clutification^Acts of Pulliimetii, &c. A Guide for the Uie of 
Govemrncnt and RaiIw«t OfficLBlc, Stevnihip Owners, Innuance Compuia 
And ManufectnrBTs, uid Useia of ExploaiveA end Denaerotu Gooda. Bv 
H. Joskdji PHTLLin, F.I.C., P.C.S. Ciows Svo. 374 PP-, cloth . . 0/0 
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CHEMICAL UANVPACraBES. CHEMISTRY. S<. 35 
A iBANUAL OP THE ALKALI TRADE. 

Including Ibe MuufiicIiuE of Sulphnrii: Add, Sulphue of SoiU, and Bleaching 
Fowdei. BfJoHH LoHUiAlkdi Muutuiuicr, Nnmislc-upiiD-'Iyie u3 
Lraidon. 390 pp. of Ten. With 439 Illuuraiiona uid Wcprking DrkwiDgi, 



THE BLOWPIPE IN CHBMI5TRY, MINBRALOQV, AND 

aeoLoav. 

Coouininff fill known Ucthodi of Anhydrooi Analyst, many Workioi 
Eiunplci, and ImlmctiDns for Malting AppuiUIU. Br LieoL-Colonet W. A. 
RoBE^ R.A.,^ FJH-S. Wicb lao lUunnti^ Second Edition, EaluEsd. 



E1S.°£^.™ 



THE MANUAL OP COL0UR5 AND DYE-WARES. 

Their Propertin, Applicationa, ValiuUioDi, laipiuilies and Sophiiticat» 
For the 1J.» of Dyen, Prinien, Drysalten, Brotin, &c By J. W. SLii 




FUELS: SOLID, LIQUID. AND QASBOUS. 

Their AnalnLi and Valuation. For [he Uk of Chemuu and Engineer. By 
H. J. Phillips, F.CS., formerly Analytical and Con^BlltinB Chemill to the 
G.E. Rlwy. Third Ediiion. Reviisd and Enliuged. Crown gvo, doth 2/0 
■■OachttoharaltipUcahi ' ' ' 



THE ARTISTS' MANUAL OF PIQMENTS. 

Showing tlieir Compaution. Cnnditiofu of PeTmanency, Non-1 
Adullenlicini ; Effecla in ComlnnBlioD with Each Other ani 
and the DiHiReliahleTena of Purity. ByH. C STAHDAtiE. < 
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3S CROSBY LOCKWOOD «• SONS CATALOGOB. 

A POCKET-BOOK OP MEN5URATI0N AND aAUQINO. 

CwUlniDf Tablet, RolM, wid HnHnnda tar RwraitK OfficBi, Bmoi 
Wii Meidiuli, &c Bt J. B. Uakt, Inluid RenniK. Sacood Edidaa, 
Rcnied. itmo, leiilliK 4/0 



INDUSTRIAL ARTS, TRADES, AND 
MANUFACTURES. 



TEA MACHINERY AND TEA PACTORIEA. 




FLOUR MANUFACTURE. 

A TlcuUc en MilliDE Sdcnca mad Pnctlca. By riimiiCH KiCK, Impxtal 
R«iciDn|[imh, PiDlaHr of Ma^uiiiA] T«ctuidaey ia the Impcrul Ganna 
PoJTtechnic loninite. Pnpie^ TnnvUied frijDi iEf 5«coad £iiluccd ud 
Reviled Edition with Suppleueat. By H. H. P. PowLKS. Aikc. Uamb. 
Initinuioa of Civil EDfiiMen. Newly too pp. Illnslnuecl wilfa tt Foldiot 
Pkuei, and 167 Woodcuu. Bcyil gro, cloih £1 B*. 

id md iHiemd Ihli mk trill Im lUd Ibt [iKiDdWia. u u cpS) e/a 



COTTON MANUFACTURE. 

;, DoDblinf and Spinnini a( Cation, Ibt filetbodi 



A Haniul of PncUol liutmction of tbe Proccnei of Opeoinc, CenOlif, 
Canbiog, Dnwiog, DoDblins and Spinnini of Cation, Ibt Metlkodi of 
t>yeiiiE, &C. Far tlie Uh M Opeiaiivel Overbooken, and t, 



MODERN CYCLE5. 



A Fiacdcal Hudbook on Ibeir Connnctioa and Repair. By A.J. Wauj>- 
Tatlix, A. M.IniL C. E., Author of "RefrKemioK Machinei7,ftc. Wilb 
upward! of jDollliuttaiioiia. Ctows avo, d«E. [Jial Pumkti. 10/6 

" Tbe lane trade tlitf la Oo« tai tbe rmtaB^t parta of Ucydei bie pieced In tbe vnef 

■^*^K— ^^>ff y l>.«.|h».<>^— n«4h>.y ^^r^ft»U^ t^ f.iflAlU' htfyfl** fQf thfllT DWn Uia. . . . n« 



D.q,t,:scbyGOC>^IC 



lUDOSTRlAL AND VSBFOL ASTS. 37 

CBMBNTS, PARTES, OLUES, AND <lUill5. 

APnclkiJGiiidElotheUuD6ictBniiiid ApiiUcuioiiortha nriouAnhO- 
BUU lequnEtt in Ibc Building, MeUI-WotUdi, Wood'Woridna, ud Locliir- 
Workiag Tnds, ud fo WoiluboEL l^bauorf « Oflica Vtt. Whh npmnli 
rf ODD Radpa uid FonnulB. Br H. C Staiougb, Cbeniii. TUid Bi^tkiB. 
Crown BVD, ckKb. IJuit PubUtliid. 2/0 

"tVa b4T« pdfloDn fa naklar fiTowiblv d< iUi i iIiimi Sa Ik b va hit* had 
a^ il iiL a, wUch ii pot In wwJ daraM^ mi Mpaal b mmwulfcj ."— ^fl^i»*^ii. 

THE ART OP 50AP.JHAKINa. 

A Pnctiol Hundbook oT iha UuiiTacton of Haid uid Soft Soipa, ToOm 
Soup*, &C iDclndinl HKUT New ProCMiei, and 1 ChaptB- m the Ricomy oT 
GlTcaint ftom Whh L«n. Bv Ati. Watt. Sijtlfa Edilkni, mclndiDg lo 
' -■■--- ■■-'-raCaodlainakiiig, Crown Svo, el«h. 



PRACTICAL PAPBR-MAKINQ. 

ET-Uakan and Ownen and Man 

By G. CurmrTOH, Papar^Malia. 
ro-Pbntecnpha. Crown gn, cloth 



TaUo, CalcuUtumi, ftc. By G. Curmrroii, Fapi 



THE ART OF PAPER-MAKINQ, 

Smw, and oiher Fibroui Matoiali. Includi 

-" ■"- ■• " tinn-, .. 

OKrineSodarrbmWanE Uqson. 

rtoTSoap-Ualiini.' Wilhllln. 



' '. InclBdmElha'^uracliueofFalpfroa 

Wood FJbrCj with a Datriptioii of Iha Machinery and Appliancca ueiL '~ 



A TREATI5E ON PAPER. 

a OuiUd* of Paper Uar 
Diffsrenl Kindi of Pi 
Te^niMl Srlunl. Tte^^, ^,^ uv«b 



. m Printsi and Sutkaen. With as OnlUoa of Paper Man' 

Tablet of Sim, and Speciintin of Different Kiodi of Pa;. _^ 

Pauihioii, late of the Maadienei Tednical School Demy Bvo, chNh. 



THE ART OF LEATHER MANUFACTURE. 

»li. m which the Opeialiana of Tannioi, Cnnyinf, 
fl fully Dfarribed, and the Principiei of Taonini 

T. , J — J ■loTitit-'- '- -■-- 

. Glue 1 . 

SoajvMaking, Ac 



Ei^muiou dT Tannin, and a Detaiplica of the Aru of Glue Boill 

Dieuuii, Btc. By \ixxAsaiKt Wii " 

Fowth Ediliixi. Crown Bn>, doth 



THE ART OF BOOT AND SHOE MAKINQ. 

A Practical Handbook, indsdinf UeaaunaiBnl, Lait-Ilning, CnltiD>-Ool, 
Cloiini and MakioE, with a Deaoiption of the moit apptomd Maulnary 
Xoplond. By Joiw B. LcNO. late lUitnr nf St. Cftitim. and Tki Boot and 
ShM-UlAt. i>wi,dath 2KI 
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CROSBY LOCKWOOD &■ SONS CATALOGUE. 



MODERN HOROLOQY. IN THEORY AND PRACTICE. 

Trmiulued nrom Itu FrcDcbsf CuaDiDS SACMIIIr, u-Dinctoi of tbe School 
of HorcJocT M Micoa, by Jdlih TmrpuH, P.R.A.S^ Boucoo VmiA 
HanufKCniEr, ind Edwiud Rigg, M.A., AmTtr in the RotaI Uint. Wok 
Scnuty-ciiht Woodcou md Tinnj.nn Cdound Coppn Plus. Seccod 
Ediiko. SBpEr4VTsl tn, doili, £9 Si, ; half-caK . . £3 1 0a. 

" Thv* li DD bocoloatcil mA ta tba EafHili liinim u •■ n b* csmnnd » Uilijindae- 
iJmcrfM. SmJ.ff'ilOrclMiiMmdaimalirniM, ItEItts twd ••• pildi ft* On indM Hd 
— -— '— BDcBfDrtbcapatbAudltDnloAliAlikmHlvnbn.'— fVfwOrilfw/TwnMA 

twiMtait, tbaBKi4ieDBpl«B.Bid1baBwitTrilabtoof tboH BMnnr producdou tDwUA 
.. 1 — . ^ Jj — 1 1_ .L !_.— . ._^ „,„ ,|„^ EnjKdi bc—k— 



THE WATCH ADJUSTER'S MANUAL. 

A Pnctical Gaid4 for tbc VfuA ud Ommomeler Adjiutcr in Uakmi, 
SpriDgiDI, Timing knd AdjdAiDg for ItochrDoioB, PontLou uid Tcmpvntuna. 
ByC. E. FuTTi. jio pp., wiib lllnantiau, Bto, cloib . . 1S/0 

THE WATCHMAKER'S HANDBOOK. 

IntflDded u m WoHuhop Compuiioa fur thoat CDEued id Wt chni a Hn c ud 
tbe Allied Mechanical Am. TruuUied from t£e Freoch of CuuDiul 
S*nMiMm »nd entarged by JnuKM TmrPLiw. F.R.A.S., «nd Edwaui 
Rico, M.A., AsUTainlbeRoyidHinl. Third EdiiHn. Svo, clMh. BIO 

of Ut MoOwKO. It R.3t^i?«it 






ELECTRO-PLATINaaELECTRO-REFININQoPMETALS. 

Bdng ■ new ediiion of At-EXANDER Watt's " Electro -De po.'ition." Rs- 
Tiwd and Largely Kewrilien by Aknold Phtlip, 11..Sc., A.l.E.K., PiindiwI 
Auiuwit ID Ibe Adminliy Chemiu. Larie Crown Std, cloili. 

IJua Putitislud. "-' ■""" 



JEWELLER'S ASSISTANT IN WORKING IN GOLD. 

APnetiol 
ofThlrtTV 
GoUmitb' 



K for VUW Knd WorlEmen, CoiniHled from the EzpeneDCa 
'oriubop PtKlia. By Geohci E, Gss, Authc* of " Tha 
W^cSc Crown si, dotb . . . ■ -7/6 
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IHDUSTRIAL AND OSBFOL ARTS. 
ELECTROPUATINQ. 

A PiKtksl Huidbook on ib« I 

Alominium, Bran, Pklinnm, 4i., — _, ,. ... _.,, . 

Sdition, RcviRd. Ciawii »m, doth. l/iHt Pi^tiiAtJ. 6/0 



ELECTROTYPINQ. 



' IbB B>«tro-DcpaB(iini 



""IB 



QOLDSMITH'S HANDBOOK. 

B7 GioRci E. GiE, Jeweller, &c. Fif» 
" A EDCd. HHiDd sduH&v, Alul vlU bv jvMnUr u«p»d u 



,c!otb a/o 

SHEET METAL WORKER'S INSTRUCTOR. 

Compriung ■ SelediDii of GaHDetricaJ Ptobleou uid Practical RbIb la 



greuly Enkigcd by Joseph G. Hohhek, A.M.I.M.E. Crown Svc 



'W"ffl 



il PiMislud. 

BREAD & BISCUIT BAKER'S & SUGAR- BOILER'S 

ASSISTANT, 

Inclodinf * la»e vuiMy oT Modem RedpcE. Wilh Remuki on the Art oT 
BteKl-nulcinE. By RoBmiT Wmlls. Thiid Edition. Crown Sro, cloth . 2/0 
" A luK* muahmottrtinkimioi tba wdlaiiy cook, u waQ u tba tuk«.''-^£Bi«>'if^ir«*Am 

PASTRYCOOK & CONFECTIONER'S GUIDE. 

For HoCfIl Resunnnti, ud the Tnde in general, adapted miic tor Funlly 
Uh. By R. Wills, Aalli« at " The Bieul and Biscuit Bakei," Crown Svo. 
cloth 2/0 

ORNAMENTAL CONFECTIONERY. 

A Guide for Bakers, Ci 
MDdEm Redpu, and R 



CoDtuning a large Collection of Recipn for Cheap Caliei, Biicuill, Ac Whh 
remarlu on the InEmlients Used in their Manufiuiire. By RoBBirr Wsiu, 
Anthot of "The Bread and BiKuit Baker," &c Crown «vo, doth . OIO 



RUBBER HAND STAMPS 

And the Manipulation of Rubber. A Practical Trealiae on the Manufadare of 
Indiarnbber Hand Stampi, Small Anidei of Indiaiubber, The Hektogniiib, 
SpKial InkLCamenti, and Alliad Subjects. By T. O'CoHOa Sloane, A.M., 
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HANDYBOOKS FOR HANDIORAFTB. 

BY PAUL V. HASLUCK. 
Bdta dC " Wvk " (NevSaia), Aaihoof " Liub« Wolc," " MUlinc tbchbia,'' ftc 

Tkta Hahdtwkiiu ikan b—n wrUUti la mpplii im/armaUtii fat Wowchu, 
SnniiHTS. and AuATIUiit in "u tatral /fsmttcra/li. on Ou actual Pulctio </ 
Iki WoHiUHop, and an wJmdiil to convtjt >■ ^fii Jugwdei Tichhical Khow- 
UDGK a/ fjK fAKrdI Crafts. '*■ ifurittn^ JJb« pnxoiu tmfioytd, amd tkt mintipU' 
Utiso 0/ maUrial. vorkikap Itrmi antant; morlulap pjtctia h /ntly tx plal n§ i .- 
■ii tlw lul i) /nHJj' tUufraMi *><h dramimfi a/ madm looU, appUamett, oarf 

THE METAL TURNBIfA HANDYBOOK. 

A Piudc*] MuoAl roc Woifccn u tb* Poot'Lube. With ow in Ilhi*- 



THE WOOD TURNER'S HANDYBOOK, 

A Pncdal Muiu] for W«1i« u [be Lube Wilb o«r loo lUutnlioDA 



THE WATCH JOBBER'S HANDYBOOK. 

A PrBctical MuiuaI an CLoHuuig, RcpaJnni, Mod A^lmdac- Wllfaii|lir>rdt Ol 
OM^nptDtimrork.-—C^MrimmtUCArwmita. 

THE PATTERN MAKER'S HANDYBOOK. 

A Pr«cuca] Mwiuikl on the Connnictkn of PAtumi fbr Pooaden. Wltb 
upwiuxUs of tot " ' 



THE MECHANICS WORKSHOP HANDYBOOK. 

A Pncticil Muiiul en MnJuniul UAoipolAdon. ambnciDE InformAtHO 
on nrioiu Handimfl Pincatu. W[tb Uiefa] NMet tai MucaUuRiw 
Memoiuirla- Compriung Bbout «o Suhjecti I/O 

THE MODEL ENGINEER'S HANDYBOOK. 

A PnclicAl Mmniul on ihc Conunictioa of Model Summ SBtfaa. Wiib 
DjoutUoriooIlluniuiDai. I/O 

THE CLOCK JOBBER'S HANDYBOOK. 

A PncticAl Miniul on ClcAninJ, Repuiing, uul Adjnitin|. Witb npmidiof 

THE CABINET MAKER'S HANDYBOOK. 

A PiActJcal MonuA] on Ibe Tools, MusiAli, AppLiAOccc, uul TiiB liiii 
employed in Cibinel Work. With upnrdi of ia> ifiuKnUiooi . . MO 
"Mr. Hubick'i Uiiinuijlifdiii; Ittli HmdybDok li wimif «■• tlMI (nOfcilfBMaM 

the" WOODWORKER'S HANDYBOOK OF MANUAL 

INSTRUCTION. 
Embncing Infannuioo ee Ibe Took, HueUU, Aivliuca uhI Piexxon 

Koiployeirin Woodwockiin. Witb lo '" "~ 

Omnom or i 

■'KdpAil to voriuHn oTaUuh Hid depasi of «p«riiBa.''-^lB^ CAnwAiSf. 
'■PncHcaL. lanAl*, mil iitilil) ilnn|i ' .TiniMt tTMiinliiM 
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COMMBSCS, COONTtNG-HOVSS WORK, TABLES, • 



COHHERCB, COUNTING-HOUSE WORK, 
TABLES, ftc. 



THB POREiaN COMMERCIAL CORRESPONDENT. 

Beint Aid) to C<imMcn»l OxmiKBd 



CooBMeicul CorTdpAdObca bk Fin I^bnago — ^^"j^ith 



K&Acei, CurefoliT Revbed liiroa^ioiii. Cnnra tm, doth. 

' '--Pniaini. 4/S 



m ^ UuhiK Dcuik; ihs IncamB Tu Acuj Ibe KmiiiE of 

. - , /in and Boiler lajuraace ; lh« Facurr and Woikihop Acu, SCt 

including also ft GlouMiy of Tcniu iii>d ft larn dddiIict of Specimen Riuinn 
Br EuiLi Gabcei ftod J. M. Filu. Fifth Edition, Kerinl ftnd Enbmd. 



MODERN METROLOOY. 

A Uftniul dT Ihc Uctricil Uniu and StOchu of tlH JKcml CcDtnrr. Vbh 
ftD Appendix contaiaina m propoted fr^-jii-i^ SyttcnL 67 Lowu D, A. 
jACK»K,A.M.Inu.C.E., Aa^oCJluduSiiivty PiH3ke,"&c IJrn 
crown Sto, doth 1 3/S 



A SERIE5 OP METRIC TABLB5. 

In whicb Ibc Britiib Sundftrd Mouam nd Weight! it csmpund with tboH 
of tha UeDrii: SfSeoi U pmeol in Uh w ibc ContinsnU B; C. H. DowUHO, 
CE. Sto, stroDglT bomid 10/a 

THB IRON AND METAL TRADES' COMPANION. 

For EipedidoDii; Aicatuniac the Viliie of an; Goodi bought 01 lold bj 
Wetghl, from ij. per cwt, to tiu^ per cwi., and from 00c tithing pa pound to 
one dulling per pound. By Tuouu DowHii. jgtS pp., lealher . . B/0 

' AlkDiirt ipKbltT >]>[«■ m^S^fU Bui iHIri lnil_, ito1iS«!r>Sf ta toi^ aidW fa 
nrrnt Mk« biiiaeti in >Ueb iMKbadiM ta tnatu •nd (old br wtitu.-—Xai:wi^, Jttmi. 
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NUMBER, WEIGHT, AND FRACTIONAL CALCULATOR. 

cwL, Knd £» pa IDQ, of U17 number of jutid« convcnuvdy, from i (0 4/0. 
Any pninbcT of cwta., qn,, and Ibt, from t cwl 10 470 cwls. Any munber orf 
lonl, cwl^, qiE., ind tin.. ^Dln i 10 i.txxs UDl. By WiLUAH ChadtiCK, 
Pnblie Accouniaol. Third Edition, RevUtd. Svo, sronjly bound . IS/0 



THE WEIOHT CALCULATOR. 

ji 



Bode ■ Ssiei of TabEa upoo ■ New 
OIK KdTasiKe ihe euct Vdna of u 

Procmiive Rates, from I'f. to s6it. t„ - 

Annrqi, whicb, with tbeir ComUnAtimi, o... . 
(mostly u be wfbnncd mx sigbtX will UDnl s 

Aiuwui ; the whole bdng akaJated and dejiffnec. 

■BDaunt detpatcb. By Hwiiv Kakbih, Asaiantiiiu Fifth EdiUoa, cmtaOy 
Cofncled. Royal Btd, Mroof ly half-boaikd A1 Ss. 

"Ofi^tcelen ndu« to twriiHaft Baa. It b a necaBUir lK»k tp d namDlScaBcee.''— 

THE DISCOUNT GUIDE. 

Cooipruing gevcTftl Seriu of Tsbles for the Uh of Mcrchanti, Maoufpctonn, 
lloomoDgert, and Othoa, by which may be ucenuned the Exact Profit arilitlf 
from any mode of iiatne DiucAnu, dther in the PutdhA«e or Sale of Goods, and 
the metElod of either Altering a Rale of Discount, or Advancing a Price, KAS 
to produce, by otie opetation. a auitj thai will reaJise any required Profit ^tcs 
■nowbig one or more Ducounts: to which are added Tablet of Profit or 
Advance from 4 to 90 per cent,, Tables of DJKdunt from ij^to (jS) percent., 
and TaUei of Comminton, &c, from 1 to 10 per cent. By RiHn HAituH, 
Accountant. New Edition, Cotreclcd. Demy Gvo, half-boimd . £1 Bm. 



TABLES OP WAQEA. 

At 54, S'l 50 and iB Honxs per Week. Showiof the Amounts of Wana fron 
One nuuier of an hour to Sixty-four hours, in each case at Rates M Wages 
g by One Shillina from 11. lo ccI. per week. Bv Thos. GahDTT, 
'-' "-'uie crown BvD,ha]f.bouad 0/0 



IRON-PLATE WEIGHT TABLES. 



and W. H. SlHrst 



Flitafroal 
Sd<JtnMt'~By Hr 1 



MATHEMATICAL TABLES (ACTUARIAL). 

Cominiing Commulation and Coovosoo Tablta, Logarithms, Cdogarilhms, 
Antilogarilhms and Reciprocals. By J. W. GoB[>OH. Koyu Svo, mooated 
«a canvas, in cloth case. IJnU PubUtlHd. SfO 
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AGRICOLTORB, FARMING. GARDENING, «<. 

AGRICULTURE, FARMING, 
GARDENING, Ac. 




tud Ubniy of Um^P^/i/i^ £■ 

FARM LIVE STOCK OP QREAT BRITAIN. 

Bt Robert WALtACR, F.L.S., F.R.S'K., Ac, Profcnor of Agritniltun and 
Rnrml EconoiDy in ihe Unirciiily at Edinlnirilti. Third Edition, tbcKODghly 
Reviled uid coiuidti&bly ErlArged. With over m Phototypst of Pritt 
SUdi. DcmySvo, 3g4pp., iritli7!)PIUB>i>dMipi,cioth. . 1 2'0 






NOTE-BOOK OP AQRICULTURAL PACTS A PIQURES 

FOR FARMERS A^D FARM STUDENTS. 



THE ELEMENTS OF AGRICULTURAL QEOLOQV. 

A Scifntilic Aid to Pnciicil F>nrir>E. Ky Fbikrose McConnkli^ Author 
of-NoifBook of Agricultural Fact! and Figures." Royal Svo. c'oih. 

IJuat niilishid. Nil 21/0 
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44 CROSBY UOCKWOOD «■ XITS CATALOGOB. 
BRITISH DAIRYINQ. 

AH«idrVdnmcoatlHWcirko([l>.D.Ir7-PiniL Fix th> Ux c4 Tichaio^ 
lii3£nictiaa CJuKS, StodeDU in AffiicDlnixu ColLegei tod th« Wca'kiiic Dvzy- 
Fuma, By Piof. J. P. Shildok. With lUoMiuiaiu. Second Editko, 
Revited. Cnwn Svo, doth. [ Jial Pmiliiliit. 2/6 

"CaaCdiiUlTncDiaEaudaduiHAiJBm'boak on dihy hnn^. "— -tfjr fci i fl yraJ Cm— fc 

MILK, CHEBSB, AND BUTTER. 

A Practical HudbODk do thcic Prepertis ud Ihe Procaaca of thco Pndiie- 
tioDr Incliuling a Chapts- on Cream and Ehfl Uetbodi of iLa Scpanlim &0IO 
Milk. By JoHX Olivbi, lue Pcindpai of Ihe Wuum Dauy iDsdtDta, 
Baluiay. wiLb Coloumi Platea and « IlJuitiatiocii. Crown Svo, clolli. 



SYSTEMATIC SMALL PARMINQ. 

Or, The LeMom of My Farm. Beinj ao 1 . 

Pradics for Small Faczneti. By R. ScoTT Bum, Anlhat of "OutliDiaef 



OUTLINES OP MODERN FARMING. 

By R. Scott Bush. S«1s, Mannca, and Crop*— Fannini and Paimnis 
Economy— Callle, Sheep, and Honei— Management of Dairy, Pigs, ud 
Poullry— UliliiadonofTonTC'Sewagc, Imgalioo, &c. Sixth Edition. In On« 
Vol., 1,350 pp., half-lwund, profusely llJuatiated , . . , . 1 3/0 

FARM ENOINEERlNa, The COMPLETE TEXT- BOOK of. 

CcpmpdsiDg DrainiDS and Embanking ; Irrigadoa and Waler S 
Roadi, FtDcea and Gates 1 Farm BaildingB ; Bam Implementl u 
Field ImplemeDts and Machines ', Agricultural Sorvenng, &c. By Pi 
JOHil San-r. Id One Vol., i,ija[>p., half-boimd, wiibonc 600 IllniB 



THE FIELDS OP GREAT BRITAIN. 

A Ten-Book of Agricalturs. Adapted to the Syllabiu of the 
An Department. For Elementary and Advanced Stodentt. 
ClxuEHTE (Board of Trade). Second Edition, Reviwl, wit 
iSmo, doth ... ^ ..... . 



TABLES and MEMORANDA for FARMERS, aRAZIBRS, 

AGRICULTURAL STUDENT^ AURVBYOR5. LAND AQBNTS, 
AUCTIONBBRS, Ac. 

Vtw Syitem of Farm Book-lieenng. By SmNBV Fkancis. Kfih 
'E,^lea^er . . . -I/O 



71 pp., waiitcou-pDcket d 



THE ROTHAMSTED EXPERIMENTS AND THEIR 

PRACTICAL LBA90NS FOR PARMER5. 
Pan I. Stock. Put II. Caon. By C. J. R. TirFBii. Ciown Svo, cloth. 
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AGRICULTORB. FARMING. GARDBHING. St. 45 
PERTILI5ER3 AND FBEDING STUPPS. 

A Hudbook lor the Pncticul Pumer. By BnnAiiD Dni, D.Sc (Lood.^ 
With dw Tot of [he Fsniliien und Peedioi Stofli Act of tB«, &c. Third 
Idlioo, R<Tb«L Crown Svo, cluth. [Jua PuSUllitd. IfQ 



( lotnuMclbla > Ciinii.'— TfTWi. 



BEES FOR PLEASURE AND PROFIT. 

A Gude to the UanipnUlioB of B«a, the PnxlDcdoii 



GiHnl MwagoPHil of the Apiaiy. By C. Goidoh Suhoh. With 



BOOK-KEEPINQ for FARMERS ud ESTATE OWNERS. 

A Practical TnaliK, pmeDtini, ip Threg FUu, ■ Syaem aduited rcg- all 
ClMM oT Funi. By JOHMSOH M. WOODMAH, CbutRed AcconnOiM. 

Fouitfa Edidcn. Omni Bvd, clolfa 219 

" T1k« vQiBB* la ■ capltiJ ■tbdr of 1 Bust bopoctBUH^vcL'— .f^riw/AHW/ £^«Mf. 

WOODMAN'S YEARLY FARM ACCOUNT BOOK. 

Giiriiii We^T LtbooF Account and Diajy, aod Bbowinr tha iDcoma and 
RipeDdHnre nnder Each Depanmcni at Cii™, Livt Siodc, Dairy, ftc., So. 
With ValnatioB. Profit and Loa Account, and Balaaca Sheet at the End of lbs 
Yor. By JoHHSOH U. WooDUAH, Chancrcd Accoontant. Second SditioD. 
FeUo, haU-bomid /fil 7/0 

THE FORCING QARDBN. 

Or, How to Grow Eaily fndu. Flowers and Veieubles. With 
Eaimatei fbi Buildloi Glauhouael, PlB and FianMt. With ir 
By Sahukl Wood. Ccowd Svo, cloth 



A PLAIN GUIDE TO GOOD GARDENING. 

Or, How 10 Grov V^iEtahlea. Fraiti, and Flowen. Bv S, Woop. Fourth 
EtUlkia, with aooadnbk Addilioni, and Dnmaroui lUualratioiu. Ctowb 
B*o,dolh 8/e 



MULTUM-IN-PARVO GARDENING. 

Or, Ho* to Make One Acre of Land produce <f6» ■ year, by the 
of Fmita and VegetablM ; aUo, How to Grow Flowers in Three Gl 
10 ai 10 reallie jCttA per annum clear PmGl. By Sakuhi. Wool 
■'^nwl n*Tfl*nini> "Ar ^iklK RHirinn. Cmwn Kvn. «wtu1 



POTATOES: HOW TO GROW AND SHOW THEM. 

A Practical Guide to the Culdvadon and General Treauntnt o( the Foialo. 
By J. Pink, Crown tvo 2fO 
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CROSBY LOCKWOOD «• SOU'S CATALOGOB. 



AUCTIONEERING, VALUING. LAND 
SURVEYING, ESTATE AGENCY, Ac. 

INWOOD-S TABLES FOR PURCHASINQ E5TATES 

AND FOR TUB VALUATION OP PROPERTIES. 

iDcludLDg AdvowioDK. Auimnc:e Policiq, Copybolds^ Deferred Armuitiet, 

Monnget, Fopeluitia, Rentvnlt of Leaset, Rcvowode, SiokLig Fund^ 
ftc.| 0CC. ^tb Edition, Revised and Ejrlended by William SoioauHo, 
F.K.A.S., with LoEuiiknii of Nuunl Numbeii u]d Thohan's Logariiluiuc 
iDlemt and AniiDity TmMu. 360 pp., Demy Bvo, cJoIh. 



F« the VBiuuion for PurchiM, S»le, ot Reoewal of Le. 
RcvsKnu, uid at Propstr senemlly ; with Prices for I 
JOHH Whiei^b, Valuer, Ac. Siith EdilioD, Re-WTilleu ■ 
by C. NoBUS, Sumfor, Valuer. Ac Royal yinut, clolh 



AUCTIONEERS: THEIR DUTIES AND LIABILITIES. 

A MaDDil of InHiucti«i lud Coaniel for^lbe Yoon^ AuclicneB. By RtiiiiiT 



Sccosd EdiiioD, Rniied mid [wily Re-i 



THE AGRICULTURAL VALUER'S ASSISTANT. 

A PiacticAl H&ndbot^k on the ValiuAian of landed KslatBi ; iodadmg 
Example ofa Deluled Repon od Manaeemenl and Realisaiian ; Formi of 
Valiuiions of Tenant Right; Lim of IxKal Agriculiura] Custoios ; Sialei of 

Compenulion under the Lands Claiuu Acli, &c iy Toh Bright, Agrioil- 
tural Valuer. Author of "The AEricultural Surveyor and Estate Agenl't 
Handbook." Founh Edition, with Appendix contoidinK a Digcsi of the 
AgrioillUTiil Moldingi Acts, iggi and loqo. Crown Sto, cloifll. 

[/■It p^iiiai. K,i a/0 



POLE PLANTATIONS AND UNDERWOODS. 

A Practical Handbook on Eniinating tke Coil of FonninE, Rewmdtiii, 
ImproTing, and Gmbbing Fluitaiioiu and Undenroodi, their Valuation foi 
Ptvpoto of Tianifei, Rental, Sale or AiKSHnent. ByToK BaicirT. Crowu 
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AUCTION BERING, VALUING. LAND SVRVBYING. *t. 47 
AQRICULTURAL 5URVBY0R AND ESTATE AQENrS 

HANDBOOK. 

Of Prictical Ruin, Fmoiulz, Tabid, mad Deu. A ComprehiluivE Muu] 

Equipmcni, the MsnagmFni, or tht VaJtuuioa of Landed Estatei. Br 
To« Bkight, Agriculluiai Suiveyot and Valuer, Author of "The Arn- 
culcuial Valua's Assisunl," &c. Wiib Illuilialiuui. Fcao. Smk. Leather. 

THE LAND VALUER'5 BE5T ASSISTANT. 

Being Tables ou 1 veiT iiiui±i lDipiD>Ed Plan, {os CaJculuing Iht Viltu <t 
Eiuuei. Wiih Tshiei for nducbg Scotch, liuh, and PruTincial Cuiunuur 
Acrei to Statute Meaiuie^ ftc By R. HUDSOH, C.E. Neir Edition. 
Royal jimo, leather, elaitic baud 4/0 



THE LAND IMPROVER'S POCKET-BOOK. 

Compriaing Formulai, Tables, and Memoranda reqiiijod io Any Comwtation 
Surveyor. Second Ediiicoi, Reviied. Royal s^mo, ohlongt leather . 4JO 

THE LAND VALUER'S COMPLETE POCKET-BOOK. 

BeiDg the abova Two World bound togetha. LeUhs .... 7/0 

HANDBOOK OF HOUSE PROPERTY. 

A Popular and PracticaJ Guide to the Purchase, Mortgage, Tenancy, and 
Compulany SaJe of Houiei and V^aAf including Dilapidiuioiu and Fixtures ; 



!ulb Edition 



11 kinds of Valuations, Infbnnation __, 

itive An. By E. L. Ta»>uck, Atchitea ai 






T^ 






LAW AND MISCELLANEOUS. 
MODERN JOURNALISM. 

A Handbook oCIiuttuction ud Couniel (or the Young JoumaliM. By JoRa 
B, Macku, Fellowofthelnuituteof Joumdiits. Ccswii Bvo, cloth . 2/0 

HANDBOOK FOR SOLICITORS AND ENQINEERS 

Kngaged in PtomolinE Prime Acts or Parliament and Provisional Olders for 
the Authonialinn of Railways, Tnunwayi, Gai and Water Works, &c 
Bt L. Livihgstoke Macassiv, of tin Middle Temple, Banister.4t.Law, 
U. Init. C.K. Bvo, doth SI B*. 

PATENTS lor INVENTIONS. HOW to PROCURE THEM. 

ComfHled foi the Uae of Invenion, Paientss and otlxn. By G. G. M. 
Kauihckak, Assoc. Mem. Inn, C.E., &C. Demy Svo, clotb , l/g 

CONCILIATION & ARBITRATION In LABOUR DISPUTES. 

A Hiitocical Sketch and BiieT Statement of tbe Present Pnllion of the 
Qocuion at Home and Abrond. By J. S. JiAai. Auih™ of " England's 
Supremacy Ac" C»wn In, isopF., cloth 9/S 
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CROSBY LOCSWOOD «■ SON'S CATALOGUE. 



BVBRY MAN'S OWN LAWYER. 

A Huidr-Book d( Uk Piindpla of Ltw n 
DkiionuT or Lenl Tcnu. Br A Bamie 
onAillr R«iKd, lad indudiDs New Acii i 
■ "imtk/ta Offindii Act. igoi: 

nu of the yeir. Judkiml Dtcaia 
d. Crown Avo, &» pp., 




LH^ir^ itUt 1 tf^ lUniiSi fl'WI aii lioi tlXtS ^^°^ilrt^.. 
EIatrTV^a<CB m*r it savtd ; malt* M WTMV redmtid ; immnya right 




THE PAWNBROKER'S, FACTOR'S, AND MERCHANT'S 

QUIDB TO THB LAW OP LOAN5 AND PLBDQBS. 

WItb tbe Stunia ud ■ Diiot of Cuac By H. C. Poucuu), Buriner-W' 
Law. Cloth S'S 

LABOUR CONTRACTS. 

A Popabr Hudbook on the Liw of ConmcU for Woihs ud Sorks*. Bf 
David GiBHiHi. Founb Edition, with Appaidlji of SDiuKi by T. F. Uttlev, 
SoUdnr. Fop. Btd, doth 3/0 

SUMMARY OP THE FACTORY AND WORKSHOP ACT5 

(■Srft-iSaiL for Um Uh of Mwiuf*ciiir« ud UiniCEn. By Ehik 
. FblU. ^eptuiled from "Factoit ACCODKTS."} 



Crown ftvo, h 
BRAmumr, aghbw, & ci 
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WEALE'S SERIES 

or 

SCIENTIFIC AKD TECHNICAL 

WORKS. 



" It is not too much to say that do boolu h«f e ever proved mo 
popular with or more ns«rul to young enpneera and otbets than t] 
cxceUenl treatises comprised in Weale's Sbkies."- 



Jl ^£in QDIassiM Hist. 




CROSBY LOCKWOOD AND SON, 

7, STATIONERS' HALL COURT, LONDON, E.C 

1903. 



D.q,t,:scbyGOC>^IC 



2 WEALE'S SCIENTIFIC AND TECHNICAL SKBIES. 

CIVIL ENGINEERING & SURVEYING. 

CivU Bn^ineerin^. 

ttv Hkhdv Ij,w, M-tnu-CE. ladndiiu a Tlatke on Hvdbaulic 
by G. R. Burniux, H.I.CE. Svmitb Edilioo, nviitd. 



with Larcm Adh^tidns b; D. K. Ci 

Pioneer Engineering: 

A TRuiM on ihc Engineciing Op«mioD3 cmMctsd with dw SRIlenicni of 
Wuie LiBdt in New Coaamei. By Edwaiu DonoH, M-lHKT-CB. 
Wiih numcmiu PImio. Second Fxlkiou 4/8 

Iron Brldtfea of Hederate Bpant 

Theii CoiuinictioD and EctsioD. By Hahiltuh W. Puiinu). Wabta 
lllu«riTiw. 2/5 

Iron BJid Steel Bridge* and Vladaots. 

Draughi~inen, and StudcoU. By Fkahcis Camfih, CE. With numcroat 
UliuiiuiorH 3/8 

Oonatraotlonal Iron and Steel Work, 

At appliEd Id Public, Privaic, and Doausiic BnUdiiut. By Fiakcis 

Cmip.n,CE 3/6 

Tnbnlap and other Iron Girder Brldtfee. 

DeicriUnx the BrllanllLi and Conway Tabular Biidgd. By G. DavsDfU 
DBHPsay, CE. Fourth EdiiLnn 2/0 

Hateriala and OonBtruotion; 

A ThrorriLcal nnd Priciics! TruliH on the Straini, Denoung, ud Elec- 
tion of Worki of Consiniciion. By FnAHcis Cahhm, CE. , . 3/0 

Sanitary Work In the Smaller Towns and In TiUa^ec 

By CiuiiLD Slagg, Awk. M.Iok.C.E. Third Editlan . . 3/0 

Boade and Street* (The Conetruotion of). 

In Two Pam: E. Thb Abt or CoKSTHucnKG Coiihoh Roads, by H. 
Lav, C.E., Reviui by D. K. Clask, CE. ; 11. RuEn- Pbactici: In- 
cluding Pavimeau ofWood, Ajphalle, &c ByD. K.U.ABic.CE. 4/6 

Gas Works (The OonBtruotfon of], 

Andihe Manufaanre and UislHbution of Coal Gai. By S. HucKD, CE. 
Rc-wriHtaby WiLUAH RicKAiDS, CE. Eigbth Bdiiiop . B/6 



or thi Supply of CEcia and Towni. With a Deacription of the Priodnl 
Hrioaical Fonnatiau of Eoilud u influencini SopEJiei of Waur. By 
BS, F.G.S., CE. Eulaised EdicTaa .... 4/0 



L,A.Il.I.B.A,aDdG.R.BDuna.L,CE. Reriicd 



The Power of Water, 

Ai uplted to drive Flour UiLla, and la Eire motton 
HydioMUk Bnginei. By Juseth Glvhh, F.R.S. 

Wslls and WeU-SlnUntf. 

B]r JoHH Gkx Swindill, A.Il.l.B.A.,aDd G. R. Bouna.!, C: 
BdiUon. WlthaNewAppaDdiioatheQnalilieiofWaier. Hluu 

Tbe Dralna^ of IiJMids, Towns, and Bolldin^ 

By G. D. DuiFtn, CR. Raviigd, with lain AddilJau oa Racwu 
Pruxice, by D. K. ClajIk, H.I.CE. lUrd Edition , . . 4/6 

TlM Blasting and Qnarrylntf of Stone, 

For Biuldinz and other Puipoaaa. With Rttnarka « Iba Blovmc up d 
Bridjea. ByG«.SlrJ.BsKOonicK.C.B. .... . t/6 

Ftnmdations and Oonorete W^ks. 

With Pnoia] Remaika on Fsetioct, Flaidm, Sud, Ooocnle, Bttca, 
.^, ....__ _, . _.. g^ ^ DonOK, lf.lLl.B.A. 

. . . . . .1/6 
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WEALES SCIKNTIfIC AND TSCHNICAI. SBRlEa. 8 
nuBiMam, 

iDcludLog AcDullci ind Hit Phuaneni of Wind CuircBU, Ibr iba Vm gf 
Be^iuMi*. ByCHuLD roHLiHiOH, F.R.S. Pounh Ediiioa . 1/6 

ad Mtd Bo^liiAuiiitf Stmayintf. 

For SndEnlimncI PracticarUu. By 'H Baicii, C.B^ KiKhlEsndl Edhloa, 
RsnHd and EilHided l» F. E. DiiaH,A.M. luLCELTPiaTeBisul Aas- 
due of (Im Inuinitkio of Sumym. Willi nuncroui IlLuBtrUiani uid an 
Uthocnphic Pl«a [/tut fiAlulud 2/0 

■MiuAttoii Hid Hskanrlntf. 

Fgr Sliiduu toA Pncticul Uk. Wjih Iba HHmnuioD nod LanDbf of 
Lud lor [ha ihitpdhi of Modern Eoriiiceriiic. Br T. Bakii, CE. nav 
Bditi(iabyE.Nl^i<T,C.E I/Q 

MINING AND METALLURGY. 



|g<»<wirf Oi^oulfttJoiu, 



A Rudimenluy TreuiK on. By tha lue ^ WAUHaTtH W. Surrii, 
-iEhlti Edition, lariMd by T. FouTuBitoirH . . . 3/6 



. .- .■ of Sludaoa Pniiariiii for tba Examinariooi Kir CgUsy 

Mlinann' CertiAaEES, compminc xiiuncroiu Rulaa mad ^— T*** ™ 
Arithmetic, ALctbra, and MetuunliDa. By T. A. O'Dohahue, U.K., 
Fim-Clui Ceiiificued Colliery Mau«Er. IJmiI fuWdlMi. 3/6 

Rudineou of. B) A Rahiav. F.G.S, Founh Edidoo, rariiad and 
enlused. WeodcnD and Plalea 3/6 

OtMkl Kud Coal Wulntf, 

• " -"iiBenuiT "^ 

Eighil 
Mctldlartfy of Iron. 

CeniuDini Uethodi of Anay, AuUnoi of Inn Orea, Procoaa of Umna- 

&aunaflimindSleel,&i:. By H. Bauhuah, ^.S. Wuh munenMi 
llliutniiona. Siiih Editioa, laoUad and cnlinicd .... BIO 

Cha Hinoral Sorvoyor And Valnar's Comploto Onlds, 

By W. LiHTUH. ^nh Edition, with u Appendiion Micaalk aod 
Afigular Surveying 3/6 

Uftto and Blaita Qnjuprylii^ : 

Scienlifii!, Pncticair and Commerdal. By D. C DAinn, F.O.S. Wilk 
nuBeroui tUuMixtiocu and Foldini Pialo. Fourth Editln , . 3/0 
Jl lirat Book of Hlnlng »nd QiuWFyinf , 

With [he Scienoei connected [herewith, bi Primir Sehoola and Si 
ByJ. H. CoLLiHS, F.G.S. Secood Edit« 



ir Prijujy 5c 
, ^ , . . j.a. aer— ' •'■"•■— 

.1 Snrroyinif, 

Wiib and wiiheu iIm HiiinctK Haadla. By T. FlMWICK aad T, 
C.E. Illutttated 



Unliur Tools. 



_. B7 WiLUAH UoROAira, Lacnnr oa Practical Uidue m tba 

]I1iU]U(''Too1ii', AtlM 

of Engiannn 10 Illiutnta th* abon, coatliiilin 13$ Umtntion of Itmiiu 
Tool^ dnwn to Sola. ^U 4/6 

PbnioKl OoolotfT, 

Partly baaed on M^or-Ganara] PonuicK'a "RadiiBaiita of Gwlsn.' 
By Ralth Tatv, A?L.S., ftc Woodcui 2/0 



Omolotj, 

aiad onKiior . 

TA-n, AI.S., ftc Woodcata 



ior-Genenl PuTloCK'l " Rndiinanra" By Ralh 



CkoloAr, Pkysloal and HUtorlokL 

CoD^uing; of " Phyitcal Goidosy,' wtudi aata (bnh iba L™din|[ FHncipka 
of Iba Sctanca; and "HiHoriol GeckiiT,* wUdi mal* of iba Mbnl 
■DdOinnic CMidiiioai of the Earth at (Kb incaaain apo^ By RAtni 
Tat^^TG-S 4/6 
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4 whale's scientific and technical series. 

MECHANICAL ENGINEERING. 
The Workman's Maitiial of Bn£Iii*arlntf Dravrfntf. 

By John Hutdh, iDUmclor in EngiDcering Drawing, Royal Niva[ 
College. CTcrnwich. Sennih E<lkii>n. jm Plitei aiid lAgnmi . 3/8 

Fnals: Solid, Iilqald, Knd OmMman*. 

Their AnalyiU uid Valiulion. For ihe Um oF ChemuO ind Eoiineen. 
By H. 1. Fmixirs, F.CS., (ornierly Anilytical ud Couulliiig ChemisI 
tolheGiMt EaM«iiR»i1w»y, Third Edilion 2/0 

Ftwlf Ita CombiiBtlon and Boonom;. 

Coniiuing d( ui AbridEmem qF " A Tmliie OB the CooitKlitisn of Coal ud 
the Pit.enlion oF SmuCt" By C. W, WitLiAKS. A.I.C.E. Wiih E.ien- 
livc Addiii<Hii by D. K Clabk, M.Iiut.CE. Fourth Edition . 3/6 

Tho Boilannabar'B Aaslatant 

In Dnwing, I'l-niplaling, and Calcullling Boiler Work, Aiz. By J. COUIT- 
KBV, Pmclidl Boilccmiker. Edited hv D. K. Claik, C.&. . 2/0 

Th* BolI«v-H»k«r'a Baadj Baokonar, 

Wilh Eumplei of Pnfliixl Geometry and Templuing for tba Uh oT 
FlUen. Stniihj, asd Riveten. By Jokh Couithiv. Edited by D. K. 

CuiM, M.I.CE. Fonnh Edition .4/0 

*.* Tlir latl tm Wtrii U Omi Vcltiwa, lialf-binnid, tttHIM " Tki BoilU- 
HAKU'S RuDV-RlCllONM AND ASSISTAHT.'' Bj^ J. CoURTMEy Uti 

D, K. Claihi. Pria 7/0. 

StMUn BoU«ra: 

Their CaiutmauD ud Muutemem. By R. Arhstrono, CB. lUminied 
1/6 
■taun »nd Maohinary Hana^amaiit. 

A Gaide to Ihc ArranEemeut and EcoaaniicaJ MsnuEcmeDt of UuhiiKry. 

By M. Fowls Bale. M.In>t.M.E. 2/6 

BtMun and tha Sioam Bntfina, 

Sutionaiy uid Poruble. Bcineu Eiteniion of the Traliie on the Swin 
EngineofMr. J. SEWI1.L. By^. K. Uabk, CE. Fourth Ediuou 3/6 

Tha Btaam Bntflna, 

A Treetise oo iTie MeihematioJ Thwry of, wilh Rtileiuid Ejumplei for 
PmcticJMen. BvT.Bakm.CE. 1/6 

Tha steam Entflna. 

By Dr. Laiidhu. IJluHrated 1/6 

Iiooomotlva Bnflnaa, 

ByC. D. DEHPkiv, C.E. With Urge Addidoni tratiiEof the Modeiu 
Loconutivt, by D. K. CtAKK, M.I1UI.CE 3/0 

Iiooomotisa Bn^tna-Drlvln^. 

A PracticBl Manual for Engineers in cherieof Locomotive Enginei. By 
UicHAU. RuiHOLls. Ternh Edition. 31. 6^. limp ; cloth boardi . 4/6 

BtationaFj Bnfina-Drlvlnj. 

A Preclicikl Mutual for Ejigineeri la chats;e of Stalionery EogiiKt. By 
M1CHAB1. RivNOLDS. Sixth Edition. 31. 6^. linp ; cloth loeidi . 4/6 

Tha Smithy and Porga. 

IndudiM the Farrier'i Art and Coaeh Smilhiog. By W. J. E.Ckahk. 

Hodam Workahop Praottoa, 

Ai applied to MantK, Land, and Loconutiire EitgInC]i, Floatiog Dodti, 
Dttdnng Machinal, Bridget, Ship-building, ftc By J. G. Wihton. 



■achanloal Bi^^aarlntf. 

C.t.'fiiiidESti 



S riling Malallurn. Mouldinj, Caating, FoigitiE. Toolt, Workihop 
inen, Mechanical Mui|nilai»n, IiUnufacturc ni tha Slcam Eajrina, 



&C By FHANCIB CAHrtH, < 

Datalla of Machinary. 

Conpriaiiig Inilniclioni for the Eaeculion of tarioni Worki in Iron in the 
Fiuing-Shop, Foundry, and Boiler-Vairl. By FitANCti CAHrm, C.E. 3/0 
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wealk's scientific and technical SERIEa 5 
Blwnantaxy BntfliMttrlntf: 

A Minu] fot Ygung Muint ILngionn und AppRnlico. In th* Pom of 
QiMHlioru wad Ajuwcn on McLmIh, AUot^ Strength of HlLUriabL 4fc. 
By J. S. Bmwn. Fourth Edition 7 1/8 

Pewu In Motion: 

Hacw-pawcr Motion, Toolhid-Whetl G™rmi, Long uid Short Driiing 
BuKJs Anfulu Fores, &c Bjr Jakb Auiouit, C-C TUrd Edition 2fO 

Iron miad HMt, 

Ekhibiting the Pnndpl» coficcnicd to the ConstructioD of Inn Bcadl 
PJIIui.ModGirdEn. %r J- AilMouii, CE. 2/8 

PraAtfoal lf«oIiauluii, 

And HichioE TodIh. By T. BAnn, CE. With Renuki ob TdoIi and 
M«hinery,byJ.N««VTH,C.K. 2» 

HsofaKAioa: 

Being iconciK Enmition oFlht Genenl Frincipio of Mechinicsl Sdneii, 
ud iVr Appliutioni. ByCiiAKLBs ToHLiHHH, F.R.S. .1/8 

OnuMs (Tb« Convtraatian of). 

And other Machinery fm RaisinE Heavy Bodls fiir the Eiegtion of Bnitd- 
iiig.,&c. By Joseph Gi-YBBjF.R.S. 1/6 

NAVIGATION, SHIPBUILDING, ETC. 
Tlw Sailor's S«k Book: 



8y jAiin Gutmin 
I nucL New --' 



_...._,,.. — iwootv B.A. 

Woodcut! end Coloured RueL New iind eiiWged 
Ediiion. By w. H. RosKK 2/6 

Pntotloal MavUKtloTi. 

ConuitingoTl^E Sailor's Se*-Booic, by Jaub Gmuiwoonind W. H. 
Ro&SBD : loeether with Meiheoutial *nd Ntiulic*] Tables for the Working 
of ihe Ptobl™, Iw Hmhv La* C.E., end Prof. J. R, Vouno, 7/0 

HkvUkUoii and Nantloal Aatronomy, 

Id Theory and Practice. By FidT. J. R. Vouhg. New Edition. 2/Q 

MathamntloaJ TablM, 

For Trieonomelrical. Aaironomical, and Nautical Calimlationi : to wUch ii 

CIJiefTa Treatise on Logarithms. By H. Law.CE. Together with a 
i<9 of Tablei for Navigation and Naniical Aitronomy. By Prohuot T. 
ILVouHii. NewEdilioD 4/0 

HMtlng, Haat-Maklntf, anil Btg^tf of Shlpa. 

AiH Table, of Spaia, Rigging, Block. fChain, Wire, and Tlemp RopeL 
Ac, relative to everrclus (7 *eueli. By Robut KirnHC, N.A. . ilQ 

Bails and Sall-Makintf. 

with DnuKhting, ud the Centra of EBott of the Saili. Br Robsit 

KirriHC. I?:a. 2/8 

Hvins Entfinw and Steam VmmIs. 

By R. MUBHAV, C.E. Eighth Edition, thorooghly revised, with Addi- 
tion, by thr Author and by GlolGE Cahlislx, CE. . . . 4/6 

Naval Arohitaotnr* : 

AnExpoiitlooof ElfDcntury Prindpls. By Jahu Peaki . . 3/8 

Ship* for Ooaan and Bivar Sarrloo, 

Principle, of the Coo.iruclion of. By Hakon A. SomuirELUT . 1 /6 

Atlaa of Bn^ravln^a 

To lUuUrate the above. Twelve large finding Platen RoyJ 4I0, dolh 7/6 

Tho Form* of Bhlpa and Boata. 

B* W. fii^Hik Ninth Edition, with nuneraui lilusmtiom and 
Hoileli 1/6 
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6 WZA.LE8 SCIENTIFIC AND TECHNICAL SERIES. 

ARCHITECTURE AND THE 

. BUILDING ARTS. 
OoiMtpnittloiuU Iron and St««l Work, 

Ai upptied to Public, Mnu, ud Dauenie BnOdmii. Bjr FaAXcn 

BnUdlutf Sat«,tM : 

A Tnuiic on ihc DtTelopnent, Sile, Purchue, tai Uuuciawst of BdDd- 

ins I^ad. B^ F. Maiti^hd. Third Editkn 2/0 

Vh* BoluitM of BuiIdlI^f : 

Ad Elcmcntuv Tccitiie on Iht Priodpls of Ceutrucliaii. Bjr B. Wthd- 
HAii Tabh, H.A. Lcmd. FouRb EduioD 3/S 

Th« Art of BaUdlntf: 

GcDcnJ PnndplH of Conitructioa, Strength, and Vte of MHtcciiJti Working 
Dtkwiogi, Spenncaiiora, Ac By Edwaid Doiuoh, M.R.I.B.A. ■ 2/0 

A Book on BoUdlnC, 

Civil ud EccIehuiIcilI. By Sr Edkuhd Bcckbtt, Q.C. (LoH CtiH- 
thobpe). Second Edition 4/S 

DwolUntf-Hoosem (Th« BIr«i>tloii of), 

lUuslntnl by» Perspective View, PIms, ind SectioMOf upMrof VHIm, with 
SpedliianDn, Quuilllles, uid EHinula. By S. H. BH»n, ArchiiRi 2/tt 

Oott«g« BuUdlng. 

By C Biucit Allen. Eleventh RditioD, wilh Chipter sd Ecommic Cot- 
tA«es lor Allotmentt, by E. K AlutN, C.E. 2/0 

Aoooatloa In Halation to Arahlt«ataiw and Building : 

(a*jrTTRoc>iit S>i"h!^!r.1°B.A. tCIl^l^Mi, RcriMd ^ ■* l/B 



ni« Rodlmutts of Praotioal BFloklaylntf. 

Genersl Principles of Brickliying; Arch Driwing, Culling, nod SeitiDi; 
PaoliDB ; Pavmi. Tilieg, &c By Adak Hauhond. Wiik 6t WoodcuB 
1/6 
TiM Art of Praotioal Brisk Gutting and Sotting. 

Br Adah Hamhohd. With 911 Eognvingi 1/8 



I Pnctioi Tnatiie, enbod)ring the General ud Higha 
fa-idilayinE, Cattine uid Selling ; with Ihe Applicetion afG*i 
Uling, &c Br F. Walk 



Bridilaying, Cattine uid Selling ; with Ihe Applicetion eTGcocnetrT to 
Uling, &c BfF.V 

Brlok* and Tiloa, 



Rudimentary TiealiM on Ihe Mnnufacture of; cantuninE ui OutiliKof tht 
Pnndplei ol Bricknubing. By E. DoBSON, M.R.I.BIA. Additlom by 

CToKLiHsori, F.R.S. niiutialed 3/0 

Til* Praotltial Brink and Tilo Book. 

Compiising: Brick and Tils Makihg, by E. Dobson, H.ImT.C.E.; 
Precticnl BwcKtAYiiio, by A. Haihiohdj Bbicic-cuttiiic ahd Sivtikg, 
by A. Hahhokd. jy>p)>. wilhiTo llluunitioiu, half-baoiid . . 8/0 

Oarpontry and Jotnary— 

THiEi-HMEHTAiivFifiHcii-Lnor Caipditiv. Chitfiycoaipaedfrontb* 
Studird WorkofTHaHAsTiiDCOLO.C.E. WElh Addiiiont, asd TaEATin 
OK JoiHBHV, by E. W. Tahh, H.A. Seroilh Edition . . 3/6 

Oarpantry and Jolnory — Atlaa 

Of 3i Plus 10 Accampany and lUoitrate tba lensoiu book. Wldi 
D«KTil>live Lelterorem. ,1a 6/0 



D.q,t,:scbyGOC>^IC 



I>rutkaJ LoKcuin ih<rnimiDgar'Wa«IRoo&. For Ih* Uh <rf WoHiiH 
--- I 2rtJ 



WEALB'B SCIENTIFIC AND TECHNICAL SERIES. 7 
A PnotloMl TFMtlM on HandntUlntf; 

Stwwioc New hikI Simple Mclliixts. By Gui. Collihcs. Second Bdilioq, 
ReviHd, inchldiug ■ TlIATlSH OH STllUUILDlHti. Wilb PtUU . 2/B 

OlvonlwF Work Id Omrpautvy uid JolnvFy. 

A Pncdol TnUlM oi Grculu Work oT ^tgl* uil DobUb Carvunn. 
Hj Gmouci CoLLIHCt. Third Edition 2/6 

Roof OkFpantry 

Prmcti^ Lcuofv 

Th* Cotutmotlon of BoofI of VTood and Iron; 

Dtduccd chiear rroiB the WorVi of RoIhkd, Tndsold, nod Humbar. Br 
E. WyHDHAH Taik, M.A., ArchitaczL Thinl Edition . ■ 1 /S 

Th* Joints Mkd« And UHd by BnUdan. 

By Wmix J. CHinrv, Aiduint. With lAo Wiodciu . 3/0 

Bherinf 

And ill ApiiKcMioa : A Huodbook Rir ih* On oT SlodoiU. Br Grikb 
H. Bt-AcnovL With }i Uliuinidaiu 1/0 

Tho TimlMV Importar's, Tinb«i' Harohant's, Hid 
Bnlldw's Standard Ooid*. 

Bt R- E. CUHDV 2/0 

numbing : 

A Text-Book IS tha Pnaict of llw An or Ciaft of Iba Plunba. Wkh 
ChipMnnpoBlIoiiKDninitcg und Vcniituion. By Wh. Paton Buchah. 
Eigbth Ediiioii, Rc-writiES tad Eolufed, with ]» lUiMTiiioiu . 3/S 

jHtion: 

A Text Book ID ika Pnedce of tb« An of Vcoiiluisi Bnildinii. By W. P. 
I, R.P., Anlhorof "Pliuiib!iiE.'&c. With 17a IllDBiuiani 3/8 



A Cofopwdiiira of Pliii ud OimnxnUl PEuUr Woik. By W. Ksur 2/0 

HouM Painting, Orainlntf. Hwrblintf, A Bltfn Wrlttntf. 

Whh ■ Caaite of EltmcDIUT Dnwing. ud > CoUcciion of Uicful Ricraa. 
By EujB A. Davihsoh. Eighth E£tion. Colonnd PUta . . B/0 
*.• T*r mint, i- cblk irmrJi, •Inrngfy <fn4 S/0 

A OnunniKP of Oolourin|{, 

Applitd to DKDniin! Putiiini ud ifac Arti. B; GaoKGC Fiud. New 
Edition, enlarged, by Elui A. Datidsoh. With Cokwed PIuh . 3/0 

■l«in«ntary DttOOMktIoii 

Aiappliedts]>1nlliniHaaieE,&c By Jamb W. Facbv. IllucntK) 2/0 

PvaoUoal Hoiw* DttoonUion. 

A Guide 10 lh« Alt of OrnMiHiial Pi ^ 

Apajimcui, BDd tba Principlet of Dacorativg Daign. 



of OmaniBiiia] Paiodju. the AiraiiHaiaDt of 
. ,_ gyj.„„ 



%• TUIait li*a Vtrti bt Om lamJttmH Vat., iaff^immd, tntitiHl " Houu 

DaCOIATlOM, EUHUITAir AND PlACTICAL,' >ni« 6/0- 

Pmlluid OuBMit for OaArs. 

By HiHRir Faija, A.M,1iiu.C.E. lliiid Edition, CocnOid. . 2/0 

Limaa, C«in«iit«, Mortars, Oonorstaa, Mastias, PUw- 
torlntf. Ao. 

By G. B. BimMB-L C.E. Fif.cinth Edition 1/6 
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8 WEALlfS SCIENTIFIC AMD TECHNICAL SERIES. 
MavonFy «jid 8toti*-0attliu[. 

The Prindplei of Muonic ProKctioD ind iWr (pplieUioD to GxiMniciioa 
BrEtMAUD DoHOH, M.R.I.B.A. 2/S 

Aroh^ P1*M, ButtiMaaoa, Ao.: 

Eiperimcnul £>Hyi on the Prindplo of CoutmcliDa. B]r W. Blahd. 
Qnantiti«a And HMHarBmanta, 

In Biicklayers', Mnuns', PfnslerEra', IlDnibcn', Pminten", Paperhuwcnj 
Gildcct',SniiI)u',Cwp<n>cn'udJi»nen'Wark. B;A.aBBATon 1/6 

1h» Complat* MMMarar: 

Scltini ronh tbt Meuiiraaent or Boudi, Glut, Timber mad Stone. BtR. 
HOKTOH. Siiih Editlun 4VO 

Ugbt: 

An InlroiliKtionlDlheSciHiccorOpiici, D«ipwd for llw Ub of Siaaenu 
of AnUteauR, ETiainecring, arid oiher Applied Sciencei. Bv K WmD- 
hahTaih.M.A., Author r?-' The SJeoct of Bull<lins,~ac . .1/6 



Siilh Edititn, revised mid enluTHt 
en 3/6 



Hints to Tonn^ Apahitnota. 

By GkOICK WicMTWicK. Archilecl, 
byC. HUSKIS^OH GUILLAUKI, Arehl 

AvehitMitaF*— Ord«FB i 

TbeOnlenudtheir.£sthelk Prindplet. BtW.H.Luds. lUuMnled. 
1/6 
Arohlteatnra— Stylaa ; 

The Hiitory and DcKriHion of Ihe Stylei of Archilectore at Varioui 
Connlriei, From the Eirlleil to the Pre«nt Period. By T. Talbot Bkut, 
F.R-LaA. litustrated 2/0 

V OlIDESS AND STVI.BS OF A BCHITECTtlH^ M OlU Vtl., Q/Q. 

Arohlteotnro — Daal^ : 

The PiinciiiJit or Deiign in Architecture, at deduclble froin NBtun artd 
eiemplihed in ihe Works of the Greek and Gothic ArchilecU. By Edw. 

Lack Ga a BBIT, Architect, lllmtniietl 2/6 

",• r** tkrti frKtilirc WaHa in Our haKiUamt VoL, half btuad, twtUltd 
"MonK« AK«,TKCTUB=.'/™e/0. 
PwnpeotlTe for BotflnnsFa. 

By £'kii^« P?N* '"_""'.'" _ "'«'«''"_" /= «-t^y^, ^ l^ .^^t 

AKiIiltMtiiraJ Hod«llln£ in Pap«r. 

ByT. A. RICHABUSON. With llluHTItionii, engraved by O. Jiw tTT 1/6 

OlasB Btainlng, and tlie Ait of P»lntlnj on OlaaB. 

an Appendix on The Art of Eham«lling 2/6 

iritm«iaB— Th« AraliiteatDrtt of. 

In Ten Boolti. Tninilaled from the Laiin b^ JosErn Gwilt, F.S.A., 

F.R.A.S, With 1] Plutei 5/0 

N.B.— Thii !• Ikt i,Kty Edilisi ^VntvltusfrKurai.'! at ■ midlralifria. 

Graolan Apohlteotnra, 

An Inquiry into the Principles of Beauly in. With en HUtorical View of tb« 
Riieind PrDpeu of the Art b Greece. By the£ARLOF Asehduk I/O 
V r-l* (bw ftrcidrng ftrti m Oni *a-ds««u Ke/.. kal/httmd, tntitUd 

"AHCIBKT AKChitsctuie,' frill 6/0- 
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WEA.LE3 SCIENTIFIC AND TECHNICAL SERIES. 9 

INDUSTRIAL AND USEFUL ARTS. 
C«m«iita, Pastaa, OIdmb, and Gitma. 

A Guide lo Ihe Muurumn tind Application of Anlalinuu. WUh ocb 
Rccipei *nd FonulE. By M. C. StahdagB 270 

Clooka Mid Watohaa, and Bella, 

" Kduumd Bkckbtt, Q.C. (Loni 
4/6 

Pmctitally Tre»it57'By ALaxAHDiK Watt, Tenth Ediiioo, lalirged 
UHJnvised iirliiilliin Ihn iiinil r--iiii[ T mm .... 3/6 

Tha Ooldimtth'a Handbook. 

Contuning full Irulniclioiu in Ihe Art oC Alloi'irK. Meliing. Rcdocin;, 
Colouring, Collectini ami ReliniiiE, Rrcovny of Wane, Soldcn, Enamel', 
ftc, Ac. By GiaiiaE E. Gam. Fifih Ediiioo 3/0 

Tha BUvavamlth'a Handbook, 

Oo the um> plan u the Goldshith's Hakdiwok. Bj-'^-E-Gb*' 3/0 
•.' TMi /ail tMV H^frii, in Onf kanJianu Vol., AMZ-iotiiul, j/Q. 

The HaU-Mai-klnif of Jawallcpy. 

Compriaiiii aa accDOTil of all ihe diflerenl Amy Towns of ihe Uoited 
Kingdom : with lh> Slampi and Lahi nlalint lo ihe SlaiKJaida and HaU 
Mailu at the varioui Auiy Offices. By Gllia.ia E. UK . 3/0 

Franoh PoUahln^ and Bnamallin^. 



K Praciical W 



. Suond EdilH 



Praotloal Ovtfan Bolldlntf. 

ByW. K. CicKUH, M.A. Second 

Coaoh-Bnlldlnf : 

A Practical Tteuiie. By Jamks W. Buici 

Th« Cabiuat Haker'a Oald* 

To the Emire Con' miction of CaKnet-Wo> 
Tha Braaa Foandar'a Manual: 

Inilructioni for Modellin), Paitem MakinE. ftc. By W. Graha 

Th« Bh«at-Hatal Wovkar'a Gnidia. 

A PraclinI Hai 

46 DiJitfiami. ] 



>[ Handbook fot 'Hniaiilhi, Coppcnmithji. ZiiKworken, ftc., with 
4«DineniTni. By W. J, E. Chahi. Ibinl Edilion, tevixd . . 1/6 

flawing Maohlnapy: 



. . 'ilh full Technical Ditwiion? fot AdjlKt- 

a^ iV4,«Jw "—-.=■■■ 2'0 

A Practical Man dhook. By JoHH Black, NewEdition . . 2/6 
Oonatriuitlon of Door Looka. 

FrointlieFapenofA.C Hosss. Edited by C. TnuLIHSOH. F.R,S. 2/6 

Tha Hodel iiooomotiva Engineer, Firantan, and 
Engins-Boy. 

By Mici A«.. RayNOLOs 3;e 

Tha Art of Letter Palntintf made Baay. 

By J. G. Baukmocm. With ■> full-page EngiaTingi ot Eumplei . 1 /6 

The Art of Boot and Bhoamakintf. 

Includina Meaiuicmenl, Laj^l-fittiog. L'ulllog-out, Clo^ingand Miking, By 
JoHsFkCFOBoLllHil Wilhnlinierou.ILlu,tralion5, Fourih tdilion 2/U 

Heohanioal Dantlatry ; 

A Practical TmtiH on the Comtruction of the Varioul Kindi of AniGcixl 
Deniurei. By Chahi^u Huhtbi. Foiuth edition . 3/0 

VTood BntfraTlntf: 

Afiacilciland^ylnltadDcliontotheArt. By W. N. Browm . M9 

Iianndry Management. 

A Handbook (bt Um in Private and PubUc Ijuindiw . . . 2/0 
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10 WEALE'8 SCIENTIFIC AND TECHNICAL SERtKH. 

AGRICULTURE, GARDENING, ETC. 
DMUulntf and Bmbankla^: 

APnciialTiraliw. Br Fmf.loKN Scott. Wi 

lFrija.tloii and Watar Supply ; 

A Pnctickl 'L'rcaibri on Waler Mcadoin, SewAgo Irrlntion, Wvpinf, Ac.; 
on Ihe Consirudion of W«ll(, Ponds, Rctainun, ie. Uf Prot loHK 
Scott. With m IHuiruioni 1/6 

F^nn Roada, Fanoaa, and Oataa: 

A Pnaical T>uti« on Ibc RouLi, Tranimyi, uid Wuamyi of the 
Fumi Ihe Principle of £lKli»urc>: ind the dillireal kindt <d F«IK«I, 
Uato, ud Stilct. Uy Prof Jokh Scott, Wiih 7s Illucnliau . 1/6 

Farm Bnlldln^a : 

A FnctLcai TreatBc on the Buildings ncoetuiry for wioos kinds of Funu, 
their Amngecnent uid ConslnicIiDn, viih PLani ud Estiiuiu. Br Prof. 
JoHB Scott. With ids lHuurationj 210 

Bam Implamanta and Haohlne* : 

bun, Siodtiwd, Dairy, ftc. By Prof. J. ScoTT. 



y Pmf. JoH 

A^rioaltaTal SaFveyln^: 

A TrcAiiK oD lAod SurvFyioff, Levelling, uid Setlinv^iut ; ^ 
(or Valuing ^Uta. By Pror J. SCOTT. With falllsmt 



OntUnaa of Fann Hanatfuusnt. 

~ I of the Geneiil VtoA el Ihe Fua ; Stoek ; Conmct Work : 



LabotiF, to. By R, 



OntUnaa of Landed Batatas Mataa^amant. 

Trulins of tbe Vu-ifiiei of Luidi, Method) of Fumin(, Sctting^at i 
Tumi, Kouli. Fenca, Guea, DraiDBfe, &c By R. Scott Buih . 2/( 
;• Tki »tmt Tm Vtb. » Oiu, ktmdttmtij kuV-t—^ fria S/0 

flollB, Mannraa, and Crop*. 

(Vol. 1. Outline or Moqbiin Fahkikc) By R. ScoTT Bum . 2/1 



ig and FaFmlng Boonomy. 

>r II. OuTUHis or MoiWRN Farmihc) By 



Stooki Oattla, Bhaep, and Horaaa. 

(Vol. III. OuTLiHH OF ModirhFaiikwc) By R. Scott BtHH 2/S 

Dairy, Pltfa, and Poultry. 

(Vol. IV. OvTLiNKs or MoDEnH Farhihc) By K. Scott Burn 2/0 

UtillMtion of Sawa^a, Irrl^tlon, and Baolamation 
of Vaata Land. 

{Vol, V. OuTUNis or MoDKSH Farmiho.) By R. Scott Btrnw . 2/6 
Ontltnaa of Modam Farming, 

By R. Scott Buih. ConibiinE of lb> mbon Iln Voliima in One, 
ift^pp., proluiely IJlmUmtcd, luJi.bDund 12/0 
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WEALE'S SCIENTIFIC AND TECHNICAL BEUtES. 11 
Bo€>k-k*apln^ tar Famiura mnd Estat* Owiiaiw. 

A PncticRl Tnal'iH, piocaling, in Three Plui, x Sriteia admpud far nit 
duH of FVmt. By J, M. WooDHAK. TUrd SditJCKi, revised 2/6 

Ready Reokonar for tlia iHmaa mr^nfwt of Ktaad. 

By A. Abhan. Fourth Editim, ttvijed and uUndad by C. Koiui 2/0 

HUlar's, Ooni ll*vohMiit'«, and Farmar'a R*adj 
Sookoiup. 

Secood Edition, reviled, irilh ■ Price LiMof Modem Flour Hill HiictuDerj, 
hj W. S. HtrmiH, CE 2/0 

Tile Hsy and Straw IIea«iir«r. 

New Tables for the U« oT Auciiouvi, VidDen, Fennen, Hajr ud Sow 
De>len,&c ByJoHHSTUu 2/0 

Heat Prodnotlon. 

A Munul ioT Prodncen, DiiljibntGn, end CeiieamerB of Butchen' Ueat. 
Bjr JoHH EwArr 2/S 

BhMp: 

The HiAory, SmctuTe. Ecorwny, ud Trim 111 af. By W. C SroOHBK, 
M.R.V.S. Fifth EdiiioD. wiih fine Engnviafi 3/0 

llarket and Kltohen Qardenlntf. 

By C. W. Shaw, Ute Edller of " Cerdening Illmlrelsd " . . . 3/0 

Kltohen Oardenln^ Made flaay. 

Showing the best mcane ttf ColLiveEing every known Vegetable eod Herb, 
ftc, wilhdiiectioiu rormauiemtnl all the yeuniDnd. By GaoiuaM. F. 
Glwht. lUuiDated 1/0 

Ootta^ Oardenln^: 

Or Flowen, Fmiu, lod Ve«euh!a tn Snail Gardeiu. By E. Hobda*. 

1/S 
Qardui Rooalpte. 

Edited by Chauju W. Quih 1/0 

rriilt TreM, 

The ScieDliec and Profitable Collure at. From the French of H. Dv 
Blmuii- Fifth Edidoo, cueftilly RertHd by Gbihci Cuhht. With 
ig7Wotx!niU 3/0 

Th« Troe Planter and Plant Propagator : 

With numerana lUtiatntioiu td Gnftiof, Layeriog, Budding Impleaeni^ 
Heiwi, Pita, tc By Sahuu Wood 2/0 

The Tree Pruner: 

A hactical Uannal n iha Pranbg o( Frnit Trea. Sbmba, Ohnbn, and 
Flaweriog Phnla. WithnuiHivii Illouraliona. By Sauuu. Wood 1/0 
V TAt MitBi Tmm >Wr. n <7h, HaiiAnmilj iMff-itumd, fria 3/8. 

The JUi of Oraftlntf and Bnddln^. 

By gHAKLD Baltkt. With IlluMruien* 2/6 
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MATHEMATICS, ARITHMETIC, ETC. 
DesoriptlT* Oaomatry, 

utncicd fTom the Fnncb oT G. HOHCE. '' 



ivith k Theoiy of Shadowi wid of PcnpKti 
" ByJ. F. iSj^h 



M.A. Wiihi, Pliid .... 

PraAtl<wl Plane Geoinatry : 

Giving Ihc Siinplesl Modes of ConslruclinK F1r<>» contained in one Plane 
and Geomtuieal ConsimctioB of the Groumi. By J. F. Hkathkb, M.\. 
With =.5 WoodtuU 2/0 

Analytloal Oa(»n«try Knd Conto Seotlona, 

A Rudi™„ury Tr«.L« on, B, Umbs Makk. A New Edi.lon, «- 
wrillenandtnlareedb, ProfBMcJ. R. VOCBO .... 20 

Buolid iTfa« Bjlamutts of)> 

With mi»r AddiliooiJ Fropmiiioiu wid Eaplaniuory Kot»: 10 whioh is 

preyed iui Introductory Esu/ on Lojck. By HiEKkv Law, CE. . 2/6 

■." 5<.W ai* u/^mtelj; vim:— 

BacI'd. Tlie Firii Three Booki. By Henkv Law, C.K , . .1/6 

Enolid. Booki ,. 5, 6. IT, II. By Hbniiv Law, GE. ... 1/6 

Plan* Trigonometry, 

TheElemenwof. By Jahks Hahh 1/6 

Sph«rioal Trttfonometpy, 

The Elemenii of. By Jambs Hank. Revijed by Chari.rs H. Do«-- 

LISG, C.E 1/0 

*,• Or mili •• Tit EieauiUi sf Plam rrigstumitty," in Om yt/ntnt, 2.'6 

Dlffaruitfal Calonlaa, 

Elements ot the. By W. S, B. WoOLMOUsB, F.R.A.S., Sc . , 1/6 

IntatfpaJ Oalonlua. 

By Ho.MSHSHAH Cox, aA 1/6 

Algebra, 

1-hc Elements of. BrjAiiES Hadooh, M.A. With Appendix, coDtnIning 
Kliicellaneous Invesligalion^ and a Uilleclion of PinUcnii , 2/0 

A Key and Companion to tha Abov*. 

An CAlensive ReposUory of Solved Eia.oplcs and Ptoblemi Lu Algebra. 
ByJ.R.VoUNC 1/6 

Oonuneroial Book-koapln^. 

With Commercial PhraHi and Foidu In English, French, Italian, and 
Geiman. By Jaubs Hapudh, M.A. 1/S 

Arithmetic, 

A Rudimentary Treadle on. Wilh fall Eipianalionil of in Theorelitnl 
Principleii, and nnnwrout Eismpleii for Practice. ForlheLlH ofSchouli 
and for Self-lnsirooion. By J. R. VuVHIi, lute Profeswi of Malhema.LM 

in Belfasi Colleee. Ihineenth Edition 1/6 

A Kay to tho Abova. 

ByJ. R. Yo^NG 1/6 

Bauational Arithroetio, 

Applied 10 Queslioni of IntereM, Annuiliei, Life Awniance. and Cenenil 
Commerce ; wilh vaHous I'ablei by which all Calculaiiuni may be greatly 
facilitated. ByW. HiKMiv 1/6 

Arlthmotio, 

Rudimentsry, for the U« of Scboola and Se!f.Insi™cii8B. By Jawhi 
Hakdoh, M.A. Revised by AuAHAM Abuah . . . .1/6 

A Kay to tha Abosa. 

ByAAsaAt. 1/6 
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Hathematloal Inatrumanta ; 



llicir CarBIruclion, AdjusunEnl, Te«ii>];, tni Uh condiely Eicplunal. 
" ' " " lAiHKK, M.A., of Ihe Koyal MLIiLaTy Academy. Woolwich. 

Siition. Rerised, wiih Addiiiorn, by A. T. WstmSLinr, 

H.I.C.E. Orifdnol Edilioo, in i vol., IlliuL»LeJ .... 2/0 






".* fit ordtrimr lAt a&BVit ^ atrifiii to laf ''Orieinal EtiitioK," or rfrrt tlu 
MMm/tf m llH Stria (39), it JUIingu:ih it fitm tin EnlargrJ Edition » 
3 volt. (« /sllran)— 

'brm.-wAog and Heaanrinf Inatmmaiita. 

igid"for AiilhmtlS'c^puulions. ' ^y J°^H■ATI^K1^ M.^'^'l^'Y/e 

Optloal InBtFQinaiita. 

KDducing copiu oTMapt uid Puni t^Fhoiography, ' By J. Y. Hiathbh, 
,A. muitnted 1/6 

Sunreylntf and AatFonomtoal InatrnniBnta. 

IndudTn^— I. IimrumeDU u»d far Delerminina lh< GeDmeLHcal Kuluipi 
of H potliDD of Ground. II. Iniinimcnts employed in AsLrtonomicikL OI>. 
wr.uU.nJ. By J. ir. Hmih«, M.A. IIlu.tmLcd. . . . t/8 

*.' T^ aioiv tkrtr vatumti/erm mH niarrnatitt of tht Avtkoi't ffrzrinai toOT^ 
■■ MaHumaNoJ IntlmmtHlt,' fria 2/0- (.Ducriiid al luf t/ ^afi-) 

llathaiiuirtloal Inatmmanta : 

Their Conurucllon, Adjiulmenl, 'leuing uid Om. CDinpii>in| Drawing, 
UoiuHnK, Opiic^SurYiylDg, knd Axionomi^ Inilrumemji. Byj. W. 

■1111*111™"' P»'ni u ibove, in Oni'lhi^lt°Voluin™ . '" "" .'' "T^S 

Th« Slide RdI*, and How to Um It. 

CE. Wiib a Slide Rufc, in in^-k of cover. Sevenlh Ediiion . . 2/S 

Iiotfarlthms. 

With Mathoiniliol TubTei for TrigonomFtiical, AiironoRiic^, and Nuiliul 
CaJculUioni By Hennv Law, C.E. Keviied Edition . . 3/0 

Comnoand Intarsat and Xnnnltloa (Thoory of). 

With TiUes of LogiHllinK for ihc moiE DiSicull CompuUtions of Interst, 
Discotint, Annuities, Kc, in ell their Applitaiioni uid U«i for Mercuilile 
And Stue Purposes, by Fbdou Thohan, Peril. Fa jith Ediiion . 4/0 

Hathamatioal Tabloa, 

For Trigonomelrioil, Auronomial, end Nluticil CelculetioM ; to whicll II 
vrtfix^i TrcalJK on Logerithmi. By H. Law, C.E. T«etlKr with ■ 
§eri«ofT.ble.(orN.vig.i:oi1.nd »euli[aJ Astimmmy. By Proieuor 1. 
R. VouNC. New Ediiion 4/0 

Hathom atl oa, 

Ai nppJied ID the CotutnKlive Aiu. By Fiakcte CAHriH, C.E., ftc 
Third EdUion 3/0 

Aatronomy. 

Bylhelile Ker. 



Main, F.R.S. Third Edition, reviled ind ec 
, By W. T. LvMK, F.R.A.S. ... 2/ 



Statloa and Drnamloi, 

The Principles and Practice of. Embiacini also a clear deveio 
Hydroftaito, Hydrodynamia, aitd Cecitrai Fan;ei. ByT. Bak 
Founh EiUtioa 
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BOOKS OF REFERENCE AND 

MISCELLANEOUS VOLUMES. 
A IHotloixftFy of PalntAFS, Mtd Handbook ft>r Plottur* 



Eine a Gaidt Ibr Viiiion In Public and Pnvua Picture Gullniei, and tai 
n'Studenii, ududing ClouBry of Tow, Slutch of FiueiiKl Schoob of 

•iiuuiR, &c. By PHiLirra Dakvl, B.A. 2/8 

ExnlalBed. 

IHBS, F.S.A. Indudini Froco, 

il.GLuT&c. Sil'^ EdiliM Bib 



A RDdinKnUry ud Practical TtiatBe. With numennu Exaraplo. By 

CHA.LB Chi'd S™.™ .2/6 

PUuiotorta, 

The An of Flayini the. With DnnuraiH ExercuH and Laaou. By 
Chahlki Child Spb«c« 1/6 

ThB HouM MsLiiatfw. 

A Guidi to HoDHknpini, CookEry, PiskUnE and 
■Work, Dairy Managemenl, Cslla^E of Wma, H 
making, GardEuing, ftc By Am Old Housskke 

Manual of Domastlo Hodlolns. 

By >L GooDiHC. M.D. iDicodsd •> ■ Family Guide in all caaei ol 
Acddenl and emergency. Third Edition, caterully K'ixd . . 2/0 

Hanftgament of Hoalth. 

A Manual of Hqhic and Penonal Hy^e. By Rev. Jams Baibd 1 /O 

Matoral Phlloaaphy, 

For Iht Uh of BcgicDcn. By Charlu Tohlihsoh, F.K.S. . -1/0 

Tho BlomcataFY Prlnolploa of Blootpto LUhttng. 

By Alak a. Cahpbeu. SwiNTOn, M.Ihst.C.E,, MTlE-E. Fourth 
Edition, Reviled IJtiH PnUMld 1/6 

The BlMtrio Telotfnqib, 

Iti Hiilory ud Proeroa- By R. Sabihs, C.E., F.S.A., &c . . 3/0 

Handbook of Flald Fortifloation. 

ByUajorW. W. Khollvs,F.R.G.S. ^ith i6) Woodcuti . . 3/0 
iMglO, 

Pure and Applied. By S. H. Emhehk. Third Edition . . .1/6 

IiO€ik« on th« Human UndoratandlBg, 

Selectioni fism. WithNmshyS. H. Ehhihi . . . .1/6 

Th« Gompendlons Calonlatov 

Umliatitu Calcttlaliimt). Or Easy and ConciH Methodi of Performing the 
mioui Ariihmnical OpcntioDi teqairtd in Cnmnrrdal and Bnuncsi 
TraoHCtioui ; lOEciher viih Uieful Tables, Ac. By Dahiu. O Gorhah. 
TweBty4«nibEdilio(i,caKfully reiiicdbyC Nomm . ^ . 2/6 
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>«•, W«itfht«, And Monay* of mU HkUimxs. 

ith iin Aculysb of tbe ChiiaELui, Hebnir, and Hahomeoii Ci 
... .J. __ . . "evwith Ediiion 

tbc Suid; of 



■lyut of Lbe ChiiaEiui, Hebnir, and Hahomeoii CAlcodan. 
WooLHOUBB, F.K.A.S., F.S.S. Scvoth Ediiion . 2/0 



OrammKF of ths EntflUh Ton^tt, 



Philologr. By Hyd« Clabkb, D.CL. 

DiotloiiftFy of tha BnfllBh Lai^ua^e. 

Aa Spoktn .uid Wrillen. ConuinbiE Above ]ev.doo WordL By Hvdk 

Clauci, D.CL 3/8 

CtmHiN mlA tkt GuuHAS, 6/6 . 

OcunpcMltlon &nil Pnnotuatlon, 

Ftuniliaily Eiplninal for thoK vho bivs niclacttd Iti* Stndr of Gnmuui. 
By Justin Bmhah. iBih Editioa. t/6 

rpawifih OnunmAF* 

with Complele and Con 
Q. L. Stuuu, Fb.D. 

■nfllah-FrMioh DIotlonaFy. 

Coiapriiuig a Ijusc aiunbcr of Torai mcd in EnciDGcriitE, HiniDt Ac 
By Alfud Elwbs 2/0 

Frwioh DiaUAuary. 

la two Fuu— 1. Fnncb'Eiwluh. II. BniUdi-FmKli, cosipLcM b 
Oi» VoL 3/0 

•,* fTr b/M iki GHAHHAI, 4/S' 

Frcuoh Mid Bngllsh Pbnue Book. 

ConUunlngInlTodi«1oryL«H>ns,withTniinlilic™,Voa.biil»ritIofWonl», 
CoUeaion of Phniex, snd Euy FamUiir Dialogoa . .1/0 



K Rula oa the GaUla* of Fl«nd Noou. By 



Adapted for EnglLih SiudcDU, from HeyK'a Theoretia] ud Pndical 
GiamiaiLf , by Dt. G. L. Stkauss 1 /Q 

Qantuui Triglot Dtotionary. 

By N. E. S. A. HAUI1.T0H. Put I. Gennu-Ficncfa-Eocluh. Pun II. 
EnEliib-Gemun-FreDch. Pul III. FrcDch^Gcnuin-EogliiE . . 3/0 

Oermsii Tricot Dlotion&Fy. 

(Aiabouc). Tas«hetiri(liGensuiGnmmu, inOnt VirfiiBa . S/0 

ItwHnn Onunnutr. 

Anuged in Twenty Leaona, with EiendaCL By Alfied Elwu. ^/Q 

Italiui Trltflot Dlatlouary, 

Wherein tbs Cendeci of aJI the Italian and French Nouu ancarafiillv 
BOted dgwo. By ALfUD Elwss. Vol. I. Italian- Englidi'FreDcb. 2/6 

ItAllan Triglot DiotionKPy. 

By Alfred Elvhs. VoL 11. En(liah-Fnadi-IiaUan . 2/8 

ItallAB Triglot DlottonajFy. 

By A1.FUD Elwb. VoLlIL ■ 



Italian Triglot Difitionary. 

(Aaabovi). In One VoL 7/8 

Bpanbh Orammar. 

Id ■ ample and PikdiialFonn. WlthEarcBH. ByALTODELWD 1/8 

Bpanlah-Bngllah &nd EngUah-Bpanlah IHiitlojuuy. 

Jaduding a large nnaiber of Techntciki Tcrma naed in Uimnf ^ Enpneenitgj 
&c., with the ntoper Accenti and the Gends of evetr Noun. By AuruD 

Elwu 4/0 

>,* Or witk Ikt Gmmkai, B/O^ 
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WiihEicrciHt. BtAlfkeo Elwu 1/e 

Portafa«s*-Hn21t«h mad BnfUah'Poitn^aaa Dio- 
tlonarr. 

iDcloding ■ lVrt£ Dnmbcr of TechnScoi Tpmu Tued in Umjnd Eo^tKerin^ , 
ftc, vilh Ibc proper Accent* and ihe Gcude at »*ry Noun. By Altiid 

Elwes. Third Edilion, revixd 6/0 

*.■ Of wUh til GUKHAII, 7/0- 

AniniAl Pbyaloa, 

Handbook oT. ByDioKvsrus Lardhu, D.CL. With ;» IIUiMruioni. 

InOn.Vol.(73«P-g«Xd<.lhbo«d. T/fl 

*.■ StU alu In Tve Parti, ai/iOma:— 
Ahikal Physics. By Dr. Labdhbr. Put I., Chiplan I.— VII. 4/0 
AHtHAL Phvmcs. Bv Di. Lakdhu. Put IL, Clupttn VIII.— XVIII. 
3» 



■V^::i''i> 
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